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SECTION  1 
INTRODUCTION 


Structural  cracking  continues  to  be  a major  factor  in  air  vehicle  design  and  operation 
and  an  accurate  assessment  of  the  life  of  the  structures  is  an  essential  port  of  design 
criteria,  in  order  to  accurately  assess  the  life  or  time  to  cracking  of  aircraft  structures, 
it  is  necessary  to  describe  the  detailed  stress-strain  state  ct  the  probable  crack  initiation 
site,  usually  at  a stress  concentration.  A hysteresis  type  of  analysis  which  describes 
notch  stresses  and  strains  and  includes  residual  stress  accountability  is  becoming  a widely 
used  tool  for  looking  at  the  stress-strain  history.  This  analysis  accounts  for  sequence 
effects  in  complex  load  time  histories.  Recent  published  results  in  References  1 through 
3 indicate  that  there  may  be  time  and  cyclic  dependent  changes  in  the  stress-strain  stote 

' which  significantly  affect  fatigue  life  but  are  not . currently  included  in  any 
analytical  models. 

It  has  been  shown  in  Reference  I and  3 that  there  is  a shortening  of  life  when  a sustained 
compression  load  follows  a tension  overload  in  the  loading  sequence.  This  is  attributed 
to  a relaxation  of  the  induced  residual  stresses  during  the  period  of  sustained  compressive 
loading.  The  program  reported  here  is  Phase  I of  a two-phase  program  to  evaluate  the 
stress-strain  history  at  stress  risers,  including  this  relaxation  or  creep  phenomena.  An  analy- 
tical and  experimental  study  has  been  performed  as  a first  step  in  formulation  of  an  empirical 
stress-strain  analysis  model . 

The  studies  included  effects  of  (1)  load  and  mechanically  induced  plasticity  at  the 
stress  riser,  (2)  cyclic  characterization  of  the  material,  (3)  cyclic  dependent  variations 
in  the  stress-strain  field,  and  (4)  time  dependent  changes  (creep)  in  the  stress-strain 
state  during  sustained  loading  periods. 


SECTION  II 
SUMMARY 


This  program  was  directed  to  an  experimental  and  analytical  study  of  the  stress  and 
Strain  history  at  a stress  riser  to  determine  effects  on  cracking  In  aluminum  alloy  structures. 

The  program  reported  here  is  Phase  I of  a two-phase  program.  An  experimental  approach 
was  devised  to  determine  If  meaningful  and  measurable  strain  data  could  be  recorded  at 
the  stress  riser  In  a centrally  notched  plate  when  loaded  under  complex  load-time- 
temperature  test  sequences.  Program  tasks  included;  monotonia  end  cyclic  characterization 
of  the  7075  material  used,  initial  residual  stress  studies,  complex  sequence  testing  of  super- 
scale and  notched  coupon  specimens,  and  analytical  modeling  of  experimental  results.  The 
existence  of  cycllc-and  time-dependent  creep  and/or  relaxation  at  the  stress  riser  was 
evaluated  by  measuring  strain  at  the  hole  during  loadings.  The  combinations  of  loads  Included 
overloads,  underloads,  periods  between  overloads,  and  hold  periods  at  sustained  load. 

Thirty  different  test  sequences  were  run  and  strain  data  recorded  for  analytical  modeling. 

A large  amount  of  experimental  data  was  obtained  during  this  program  and  It  was  shown 
that  meaningful  strain  history  data  at  a stress  riser  can  be  obtained  and  analytical  modeling 
of  the  stress-strain  history  is  a vital  port  in  predicting  cracking  of  aluminum  alloy  structures. 
The  super-scale  test  specimen  is  a pood  tool  for  evoluotlng  effects  of  complex  loading  on  time 
to  cracking.  This  specimen,  together  with  o Lockheed  developed  strain  transducer,  have 
provided  a data  base  for  stress-strain  history  modeling. 

A summary  of  some  of  the  observations  made  during  this  program  is  os  follows: 

• Overloads  Introduce  beneficial  residuol  stresses  which  increase  fatigue  life. 

An  overload  immediately  followed  by  on  underload  results  In  a shorter  life 
than  with  the  overload  only.  Increasing  the  magnitude  of  the  underload 
decreases  life. 

• Including  hold  periods  at  a sustolned  compression  load  reduces  the  specimen  life 
considerably  over  that  with  the  underload  and  no  hold  period. 

• Duration  of  the  sustained  load  hold  period  affects  life. 


change  (creep  and/or  relaxation)  which  occurs  during  periods  of  sustained 
loading. 
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SECTION  III 
EXPERIMENTAL 


An  axperimental  program  was  designed  to  demonstrat-e  techniques  ond  procedures  for 
determining  measurable  variations  In  the  plastically  induced  strain  Field  at  a stress  riser. 

Data  have  been  recorded  under  complex  load-tlme-temperature  test  conditions.  Test 
conditions  have  included  overloads  and  underloads,  variable  length  blocks  of  constant 
amplitude  cycling,  periods  of  sustained  loading,  and  elevated  temperatures.  These  data 
have  been  used  to  empirically  model  the  stress-strain  time  history  around  a stress  riser  - 
In  this  case  a circular  hole  in  a finite  width  plate.  Significant  data  which  have  been 
recorded  Include  the  Following; 

• Continuous  recording  of  notch  strain,  load,  time  ond  cyclic  test  conditions 

■ Material  cyclic  characterization 

• Initial  residual  stress 

• Cycles  to  crack  Initiation 

e Cycles  to  rupture 

e Creep  Data 

Thirty  complex  load-time-temperature  test  sequences  were  deveioped  and  applied  to  notched 
super-scale  and  coupon  test  specimens  to  evaluate  the  variations  in  the  plastic  strain  Field 
at  the  stress  riser.  These  test  sequences  are  representative  of  the  environmental  load-time- 
temperature  profiles  of  a typical  fighter  or  transport  wing  structure.  The  sequences  include 
Initial  tension  and/or  compression  loadings  followed  by  blocks  of  constant  amplitude  cycling 
at  a positive  1-g  mean  stress.  In  some  sequences  the  compression  loadings  are  followed  by 
periods  of  sustained  load  (either  at  the  compression  minimum  or  at  the  1-g  condition)  prior 
to  constant  amplitude  cycling.  Test  variables  include  time  at  sustained  load,  length  of  the 
constant  amplitude  block  of  cycles,  compression  load  magnitude,  and  test  temperature.  All 
specimens  were  tested  to  failure. 


Continuous  recording  of  strain  and  load  at  the  stress  riser  was  achieved  with  a strain 
transducer  and  data  logger  system  developed  eorlier  by  Lockheed  on  an  In- house  program. 

The  transducor/data  logger  system  makes  It  possible  to  continuously  monitor  notch  strain  and 
record  changes  In  strain  and  load  under  various  loading  profiles.  This  system  is  discussed  in 
more  detail  in  3.4. 1 . 

In  addition  to  the  complex  sequence  tests,  material  properties  and  material  cyclic  character- 
ization studies  hove  been  run.  Standard  ASTM  tests  were  run  todevelop  static  tension  and 
compression  data  for  the  7075-T651  plate  used  In  this  program.  MonotonIc  and  cyclic  stress- 
strain  curves  were  also  developed.  The  companion  specimen  test  technique  was  used  in  these 
cyclic  characterization  studies.  Data  from  these  tests  have  been  used  In  formulating  an 
algorithm  for  simulating  the  material  cyclic  response  both  during  strain  hardaning/softening 
and  in  the  stable  condition. 

Additional  studies  have  included;  (1)  an  evaluation  of  the  Initial  residual  stress  at  the  stress 
riser,  (2)  a limited  crack  growth  study,  and  (3)  generation  of  unnotched  S-N  data  for  the 
7075-T651  plate. 

Details  of  oil  phases  of  the  experimental  program  ore  discussed  in  paragraphs  3. 1 through  3.5. 
Application  of  the  data  in  an  anolytical  model  formulation  Is  discussed  In  Section  IV  and  the 
data  analysis  and  correlation  studies  are  in  Section  V. 

3.1  TEST  SEQUENCES 

The  test  sequences  developed  for  this  program  were  selected  to  be  representative  of  fighter 
and  transport  wing  load-time-temperature  profiles.  In  selecting  the  sequences,  consideration 
was  given  to  the  plasticity  of  the  strain  field  around  the  stress  riser  and  subsequent  changes 
(creep)  in  the  strain  state  during  sustained  loadings  and  constant  amplitude  cycling.  Data 
In  References  i , 2 , and  3 were  also  used  in  selecting  the  sequences. 

Each  sequence  is  Illustrated  In  Figure  1 . The  test  conditions  shown  are  considered  to  be 
typical  of  in-service  events  for  transport  and  fighter  aircraft  and  the  sequence  development 
follows  a logical  building  block  format  for  analytically  modeling  a wing  loading  profile. 

The  following  paragraphs  discuss  in  more  detail  the  rationale  for  selecting  these  test  sequences. 
All  stress  levels  shown  in  Figure  1 are  net  section  stresses. 
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Figure  I.  Phase  I Test  Sequences  (Sheet  5 of  7) 


SEQUENCE  NUMBER  TEST  CONDITIONS  REA^KS 


est  Sequences  (Sheet 


test  conditions 


Sequence  1 , TM:  Is  a consfont  omplliude  fast  to  establish  baseline  date  free  from  the 

affects  of  overloods,  underloads,  e*c.  The  stresses  selected  are  considered 
to  bo  ori  odeqijota  simulatiori  of  )-g  flight  mean  and  alternating  stresses  for 
a cargo  and  a fighter  aircraft.  Those  constan*  amplituda  test  conditions 
ore  the  same  for  all  subiequ^l  sequences. 

Sequaiiee  2-*!).  Each  of  these  sequences  has  an  initial  hold  period  tvlth  either  a sustained 
tension  or  compression  loading  followed  b/  constant  amplitude  cycling  to 
failure.  Two  hold  times  ore  Included,  1 .0  and  24  hours.  Those  sequences 
ore  consldereo  typical  of  upper  and  lower  surfaces  on  a wing  of  on  aircraft 
on  ground  followed  by  flight  cycling,  The  data  ore  considered  essential  os 
simple  building  blocks  for  ony  cinolytlcol  model, 

Sequence  6-7,  Tariilon  overloads  ore  Included  which  represent  periodic  high  Inflight  loods 
that  Introduce  boneflclal  residual  stresses.  Variation  In  the  cyclic  period 
between  ovarloods  l>  Included  In  these  sequences.  The  Reference  2 

doto  Indicate  that  Is  n significant  parameter  In  the  evaluation  of  the 
residual  stress^stroln  field  and  these  sequences  ore  included  to  develop  data 
necessary  for  the  ana lyf leal  model  development. 

Sequence  8- 12. Those  tests  cotnblna  compressive  loading  (underloads)  with  the  tension  overloads 
and  cenftant  amplitude  cycling  from  preceding  sequences.  Those  compressive 
loads  are  Included  to  represent  ground  operation  and/or  negative  loodlngs  as 
In  the  case  of  a fighter.  Again,  two  periods  are  Included  to  develop 
basic  data  for  analysis.  Vorlotlons  In  the  underloods  are  Included  to  represent 
negative  maneuvers  ond  high  on-ground  mean  stresses. 

Sequence  13-19.  F'eriods  of  sustolnad  loading  were  Introduced  In  Sequence  13  to  evaluote 
the  effect  of  on-ground  conditions  under  constant  loads.  Previous  data 
(References  1 and  3)  had  shown  these  hold  times  to  significantly  affect 
time  to  failure.  It  was  anticipated  that  strain  relaxation  or  creep  would 
be  evident  and  measurable  from  these  sequences  and  than  used  In  formu- 
lation of  0 strain  relaxation  module  for  the  analyficol  model.  The  one-hour 
hold  periods  were  repeated  through-out  the  test  as  indicated;  however  o 
maximum  of  five  24-hour  hold  periods  were  run  In  any  given  sequence. 


Sequence  20-2) . Tl^ls  was  a repeat  of  Sequences  13  and  14  except  the  entire  sequences 
wore  run  at  + 160“F. 

Sequence  22-23.  These  sequences  include  hlglt  compressive  loadings  following  the  tension 
overload.  Considerable  plasticity  occurs  at  the  stress  riser  from  those 
loading  sequences  and  these  data  are  Intended  to  evaluate  the  affecl  of 
this  strain  state  and  subsequent  detrimental  residual  strains. 

Sequence  24-25.  Hold  times  are  Introduced  following  the  compression  yield  In  Sequences 
23  and  23.  Again,  primary  concern  Is  on  the  changes  In  the  plastic 
state  at  the  stress  riser  during  sustained  loading.  Two  Nq|^  periods  ore 
Included . 


Sequence  26-27.  In  these  two  tests,  the  Initial  tension  overload  Is  deleted  and  the  specimens 
are  loaded  to  SO  Ksl  In  compression,  These  sequences  are  again  Included 
to  evaluate  time  and  cycle  dependant  changes  In  the  plastic  stress-strain 
field  at  the  stress  riser. 


Sequence  28-29,  These  two  test  sequences  are  included  to  determine  If  meaningful  data 
can  be  obtained  from  a combination  of  notch  strain  and  strain  gradient 
measured  data.  These  sequences  were  substituted  late  In  the  program 
to  aval uate  the  trends  shown  In  the  Reference  2 data.  A detailed 
discussion  of  the  tests  and  results  are  Included  in  paragraph  3,5.2. 

Sequence  30,  This  sequence  was  Included  to  evaluate  cyclic  creep.  The  test  Includes 
variable  peak  overloads  combined  with  blocks  of  constant  amplitude 
cycling.  Results  from  this  have  been  used  In  the  analytical  modeling  and 
are  discussed  in  detail  In  paragraph  4.1,3, 


Al!  tt'jts  were  run  continuously,  on  a 24-hour  basis,  such  thot  only  the  scheduled  loadings 
have  an  effect  on  the  recorded  data.  Testing  Included  a minimum  of  one  super-scale  specimen 
for  each  sequence  and  three  notched  coupon  specimens  for  selected  sequences.  Test  specimen 
geometry  is  discussed  in  paragraph  3.3.1 . Notched  coupons  were  tested  for  Saquer>ces  1 , 6, 

8,  14,  22,  and  24  only.  Continuous  strain- lead-time  recordings  were  made  for  each  super- 
scale test.  The  notched  coupons  were  tested  for  fatigue  data  only, 
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3.2  MATERIAL  PROPERTY  TESTS 


3,2.1  Static  Tes^s 

Static  test!  were  conclucted  on  coupon  specimens  cut  from  7075-T651  aluminum  alloy 
sheet  material,  0.25- Inch  thick.  Three  tensile  and  three  compressive  coupons  were 
removed  from  each  of  three  4 feet  x 12  feet  sheets  and  tested  to  determine  bosic  material 
properties.  The  tensile  and  compressive  specimen  configurations  are  shown  in  Figure  2 (a) 
and  2 (b) , 

All  the  tests  were  performed  at  room  lemperature  (77®F  - 5®F)  in  a universal  testing 
machine,  calibrated  to  ASTM  standards.  Load  was  applied  at  an  approximate  rate  of 
2500  pounds  per  minute  and  strain  was  measured  with  an  SR-4  frame/strain-gaged  leaf 
type  2.0-inch  gage  length  extensometer.  Load  versus  strain  curves  were  plotted  on  an 
autographic  recorder.  Tensile  and  compressive  property  data  are  given  in  Table  I. 

One  tensile  coupon  was  cut  from  c super  scale  specimen  ofter  the  cyclic  creep  study 
(Sequence  30)  to  establish  an  accurate  value  for  modulus  of  elasticity  of  thot  piece  of 
material.  The  coupon  was  removed  from  an  area  as  remote  from  the  specimen  net  section 
as  possible.  This  specimen  was  machined  to  the  configuration  shown  in  Figure  2 (a),  ond 
tested  in  a universal  testing  machine  os  before.  Lood  was  applied  in  increments  and  a 
1,0-Inch  goge  length  Tuckermon  optical  extensometer  was  used  to  measure  strain  at  each 
load  Increment.  Prior  to  reaching  the  proportional  limit  load  the  specimen  was  urtloaded 
in  order  to  remove  the  Tuckermon  extensometer  and  replace  it  with  an  SR-4  frame/strain- 
gaged  leaf  type  extensometer.  Load  was  reapplied  but  at  a constant  load  rate  until 
failure  occurred.  A load  versus  strain  curve  was  plotted  on  an  outogiophic  recorder,  The 
occurate  strain  data  obtained  from  the  Tuckermon  extensometer  was  then  used  to  plot  the 
initial  part  of  a stress-strain  curve.  After  correcting  the  strain  data  generated  by  the 
SR-4  frame  extensometer  to  match  that  obtoined  in  the  elastic  zone  with  the  Tuckermon 
extensometer,  the  stress-strain  curve  was  extended  to  a strain  level  of  0.025-inch/inch 
and  Is  presented  as  Figure  3. 
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TABLE  I - MATERIAL  PROPERTIES  DATA 
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3.2.2  Material  Cyclic  Charoctarization 

In  order  to  characterize  the  stable  and  transient  cycle  dependent  response  oF  the 
7075-T651  plate  used,  strain  controlled  tests  were  run  on  thirty-seven  specimens 
machined  from  1,0-inch  thick  plate.  The  specimen  geometry  is  illustrated  In  Figure  4, 

Testing  was  done  using  the  companion  specimen  test  technique  and  range  of  fully  reversed 
strain  varied  from  0.0029  in/in  up  to  0.049  In/in.  Typical  hysteresis  loops  for  four  test 
levels  are  illustrated  In  Figures  5 through  8.  For  clarity,  only  the  initial  loop  and  the 
stable  hysteresis  loop  Is  shown  along  with  the  monotonIc  locus  curve.  These  dato  are 
used  In  formulating  the  analytical  model  For  the  stable, response  and  for  cyclic  hardening 
and  softening  which  Is  discussed  in  detal I in  4,1.1. 

The  monotonIc  stress-strain  curve  Is  shown  as  o solid  curve  In  Figure  9 and  the  cyclic 
data  points  are  superimposed  on  the  plot.  All  testing  here  was  run  at  a constant  strain 
rate  of  0,06  In/ln/mln.  Some  Interesting  and  unexpected  phenomena  were  observed 
during  these  tests.  In  the  plastic  region  the  data  general  ly  behave  in  the  classical 
manner  for  the  7075  alloy;  that  Is,  the  data  exhibit  strain  hordening  tendencies,  At  the 
knee  of  the  curve  there  Is  a slight  strain  softening,  however.  In  general,  at  strains 
above  0,008  in/ln  the  data  trends  are  as  expected  and  the  results  were  considered  sufficient 
and  accurate  for  the  program.  However,  ot  lower  strains,  In  the  elastic  region,  the  cyclic 
data  points  exhibit  unexpected  trends.  The  first  data  run  exhibited  a significant  amount 
of  strain  softening  at  strains  of  0.00625  and  0,0060  in/In,  Two  additional  data  points 
were  run  at  lower  strains  to  determine  the  deviation  from  the  monotonIc  curve.  Softening 
also  occurred  ot  0,0030  in/in;  however,  at  A c/2  = 0,0044  in/in  the  cyclic  data  at 
stabilization  was  tatally  unexpected.  The  specimen  strain  hardened  and,  at  stabilization, 
the  maximum  stress  was  85  ksl.  The  strain  hardening  is  so  drastic  that  the  minimum  stress 
at  stabilization  is  positive  (1 .2  ksl).  The  path  to  stabilization  for  this  and  other  points  is 
Illustrated  in  Figure  10. 

Additional  specimens  were  fabricated  and  tested  at  strains  between  0,0020  and  0,0045  to 
check  the  original  data  developed  in  this  strain  range.  Some  of  these  data  points  agree 
with  the  monotonic  curve;  however,  there  are  additional  data  which  show  the  main  strain 
hardening  that  occurred  previously  at  0,0040  in/in.  For  the  delta  strain  of  0,0029,  for 
example,  the  maximum  and  minimum  stresses  at  stabilization  are  +65  and  +11  ksi,  respectively. 
The  path  to  stabilization  for  two  of  those  data  points  is  also  illustrutod  in  Figure  10, 
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A search  of  published  data  showed  no  similar  results  from  other  sources;  however,  cyclic 
tests  are  not  generally  run  at  Ac's  in  the  elastic  region  of  the  curve.  One  possible  explan- 
ation for  this  ratcheting  effect  may  be  related  to  the  Inhomogeneity  of  the  plate  material 
where  these  specimens  wore  token.  Inclusions,  large  particle  sizes,  etc.  will  cause  locol 
stress  concentrations  which  are  washed  out  when  a specimen  Is  loaded  plastically  at  large 
strains.  The  stress  concentrations  may  dominate  the  moterlal  response  at  lower  strains  in 
the  elastic  region,  however,  This  may  have  been  the  predominate  force  In  the  specimens 
here  which  demonstrated  the  stress  ratcheting  during  cycling.  Additional  research  Is 
needed  In  this  area  to  determine  couse  and  subsequent  effect  on  full-scale  structures  In 
service.  This  research  was  beyond  the  scope  of  the  current  program  and  the  elastic  portion 
of  the  monotonIc  curve  has  been  used  In  ano lysis  together  with  the  cyclic  hardening  data 
In  the  plastic  region. 

3)2.3  Unnotched  Fatigue  Tests 


The  hysteresis  analysis  program  to  be  used  to  predict  time  to  failure  or  life  uses  as  a basis 
for  damage  calculations  either  unnotched  (K^  “ 1 .0)  S-N  data  or  < - N data,  In  order  to 
verify  the  existing  data  base  and  to  evaluate  the  plate  material  used  In  this  program,  a 
limited  fatigue  test  was  run  to  develop  “ 1 .0  S-N  data.  Thirty  0,25-Inch  thick,  flat 
dogbone  specimens  were  fabricated  from  the  7075-T651  plate  used  for  the  super-scale  and 
notched  coupon  specimens  and  fatigue  tested.  The  resulting  data  are  listed  In  Table  II 
for  six  different  mean  stress  levels.  One  specimen  was  tested  at  each  alternating  stress 
level  shown.  These  data  are  plotted  as  variable  stress  versus  cycles  to  failure  In  Figure  1 1, 

3.3  TEST  SPECIMEN  DESIGN  AND  FABRICATION 


3.3,1  Specimen  Conflauratlons 


Two  specimen  configurations  were  used  In  the  load-tlme-temperoture  sequence  testing. 
The  specimens  are  Illustrated  In  Figures  12  and  1 3 ond  were  fabricated  from  0,25-Inch 
thick,  7075-T651  plate.  Super-scale  specimens  are  necessary  to  facilitate  Installation 
of  the  strain  transducer.  Inside  the  centrally  located  hole  (stress  riser),  for  continuously 
monitoring  strain  changes.  The  smaller  notched  coupons  are  Included  for  fatigue  testing 
only  for  six  of  the  sequences.  This  Is  to  compare  the  times  to  failure  between  the  two 
configurations  and  ascertain  that  there  are  no  size  effects  in  the  super-scale  data.  Based 
on  the  dato  collected,  there  are  no  size  effects  seen  which  might  bias  the  data. 


TABLE  II.  UNNOTCHED  FATIGUE  DATA 
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CYCLES  TO  FAILURE -N 
Unnotched  Fatigue  Dato  for  7075-T65I  Plate 


All  specimens  were  cut  from  three  standord  4*  x 12'  plates,  0.25-inch  thick.  Specimen 
location  within  the  plate  is  illustrated  in  Figure  14,  The  spociniens  for  materials  properties 
evaluation  were  randomly  selected  froni  each  plate  as  shown.  Super-scale  specimens  were 
taken  from  Zones  A through  F and  were  further  identified  as  to  plate  numbctr  and  location 
within  a zone.  For  example,  Specimen  No.  lA-1  was  cut  from  Plats  1,  Zone  A,  and  is 
the  first  specimen  at  the  "top"  edge  of  the  plate. 

Doublers  were  adhesively  bonded  to  oil  the  specimen  ends  to  preclude  fatigue  failures  at 
the  end  grips  and  each  specimen  was  laterally  supported  to  prevent  buckling  during  applica- 
tion of  compression  loads.  Figure  15  shows  o super-scale  specimen  Installed  for  testing 
with  the  lateral  supports  and  strain  transducer  In  place. 

3.3.2  Initial  Residual  Stresses 

The  nature  of  this  experimental  program  dictated  that  residual  stresses  at  the  stress  risers 
due  to  manufacluring  must  be  near  zero.  Iwo  investigative  studies  wore  conducted  to 
evaluate  the  manufacturing  residual  stresses  around  the  holes  in  both  the  super-scale  and 
notched  coupon  specimens.  All  holes  ware  cut  under  size  using  a trepanning  tool  and 
then  successive  boring  operations  were  made  to  obtain  final  hole  size,  This  approach  was 
taken  to  minimize  residual  stresses  at  the  holes  and  was  confirmed  by  the  test  discussed 
be  low . 

The  initial  study  involved  the  measurement  of  strains  around  the  hole  in  both  a super-scale 
and  a notched  coupon  specimen.  Data  were  recorded  from  oxicil  ond  rosette  strain  gages 
located  at  the  center  of  and  immediately  adjacent  to  the  hole  in  each  specimen  during  the 
cutting  and  boring  operation.  Four  3/6"  diameter  holes  were  drilled  remote  to  the  strain 
gaged  aiea  and  the  specimen  was  .mounted  on  four  adjustable  studs  on  the  machine  fixture. 
The  specimen  installation  is  shown  in  Figure  16.  Strain  gage  locations  are  shown  in 
Figure  17.  With  the  test  specimen  free-standing  in  an  unloaded  condition,  all  12  strain 
gages  were  zeroed  on  the  strain  indicator.  These  initial  readings  were  checked  after 
approximately  15  minutes  to  determine  If  any  zero  drift  had  occurred.  None  was  apparent. 
The  specimen  was  then  mounted  on  the  adjustoble  studs  on  the  milling  machine  and  by 
monitoring  the  strain  gage  readings  to  assure  no  induced  stresses,  the  necessary  adjustments 
were  made  to  securely  attach  the  specimen  for  machining. 
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(a)  Super-Scdlf'  Sporlnii'n  wllh  |.oir»rnl  SupportB 


(c)  Initial  Saw  Cut  - ,23"  Depth 


Figure  16  Initial  Residuol  Stress  Invasilqation  (Concluded) 
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The  first  cut  consisted  of  sowing  out  the  center  disc  (Figure  16)  to  a diameter  approximately 
1.68"  and  a depth  of  0.23"  (just  prior  to  breaking  through  the  thickness).  Strain  data  ware 
recorded  from  all  gagas  and  are  listed  in  Table  til.  The  center  disc  was  then  removed  and 
successive  boring  operations  were  made  until  the  final  hole  size  wus  achieved.  As  noted 
in  Table  III  significant  compressive  residuals  were  Introduced  around  the  hole  on  the  Initial 
saw  cut;  however,  they  were  successfully  reduced  to  Insignificant  levels  with  the  boring 
operation  for  final  sizing. 

Four  rosette  gages  were  bonded  on  the  small  specimen  as  shown  in  Figure  17.  Prior  to 
Installation  in  the  vice  jaws  on  the  machine,  all  gages  were  again  zeroed  and  cheeked 
for  zero  drift.  Strain  date  are  listed  In  Table  IV.  An  initial  1/8"  diameter  hole  was 
drilled  and  strain  data  recorded  from  all  gages.  This  was  followed  by  o 3/16"  diameter 
drilling  operation  and  the  successive  boring  operations  until  final  hole  size  was  reached. 
Again,  the  final  residual  stresses  are  insignificant.  This  Investigation  has  demonstrated 
that  the  residual  stresses  after  machining  the  holes  In  each  specimen  typo  were  In  fact  a 
minimum  end  would  not  affect  the  experimental  results. 

A static  tensile  test  was  conducted  to  verify  the  results  discussed  above.  This  Included 
instrumenting  a super-scale  specimen  w ith  strain  gages  and  recording  elostic-plastic 
strains  from  the  gages  as  well  as  the  transducer  during  looding.  After  loading,  tensile 
coupons  were  cut  from  the  specimen  and  stress-strain  data  recorded.  A Neuber  analysis 
of  the  resulting  data  Is  shown  In  Figure  18  which  Indicated  a residual  stress  of  approximately 
15.0  ksl. 

Subsequent  to  this  test  and  analysis  a second  super-scale  specimen  was  Instrumented  and 
tested.  This  repeat  was  run  for  several  reasons;  i.e. , (1)  transducer  was  not  properly 
seated  in  the  first  test,  (2)  additional  gages  were  installed  on  the  hole  side  wall  to  check 
the  transducer,  and  (3)  the  Neuber  analysis  was  questionable.  A sketch  of  the  specimen 
and  Instrumentation  locations  Is  shown  in  Figure  19.  Recorded  data  are  tabulated  in 
Tables  V and  VI. 

It  Is  sign  Ificant  to  note  in  Table  V that  strain  gages  3 and  4 located  on  the  hole  wall  track 
very  closely  the  transducer  up  to  the  point  whore  the  gages  were  lost.  The  X-Y  plot  of 
load  versus  deflection  (Inches)  is  shown  in  Figure  20.  The  specimen  was  loaded  incrementally 
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RESIDUAL  STRESS  INVESTIGATION  - SUPER-SCALE  SPECIMEN 


Strain  Gage  Locatit 
Residual  Stress  inve 


TABLE  V 


RECORDED  STRAIN  VS  LOAD  DATA 
SECOND  SUPER-SCALE  SPECIMEN 


M«aiur#d  Strain  * (In. /In,) 


X lO"*^ 

Traniductr 

10 

0,00148 

20 

0.00321 

30 

0.00494 

40 

0.0066/ 

50 

0.00840 

60 

0.01086 

6.5 

0.0126 

69 

0.0140 

70 

73 

0.0157 

75 

- 

77 

0.0180 

7.5 

- 

80 

- 

0.0074 


Gagai  3/4 

Gages  1/2 

0.00155 

0.00078 

0,00311 

0.00156 

0.00469 

0,00235 

0.00629 

0,00315 

0.00  95 

0.00394 

0.0105 

0.00479 

Gages  Out 

0.00534 

0.00593 

0.00673 

O.OC711 

0.0077 

0.00135 

Averag*  of  two  itrain  gagei. 


42 


Gagts  5/6 
0,00055 
0,00)1 1 
0.00165 
0.00222 
0.00278 
0,00335 
0,00364 

0,00394 

■I 

0,00426 

0.0044 

0,00457 

0,000088 
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OEFl£CTIONi  <INCH) 

Transducer  Lood-Deflecrion  Curve 


in  order  to  read  data  from  the  strain  gages  ar^d  at  each  incremental  load  the  transducer 
recorded  specimen  creep,  as  illustrated  in  the  figure.  This  creep  occurred  within  the 
first  few  seconds  after  reaching  the  desired  load  level  and  no  further  creep  was  evident 
while  the  data  was  being  recorded.  The  data  tracked  the  elastic-plastic  surface  wh^n 
the  next  load  level  was  applied.  At  the  conclusion  of  this  static  lest,  three  one-half 
Inch  wide  tensile  coupons  were  machined  from  the  super-scale  specimen  and  tested  to 
obtain  stress-strain  data.  In  this  instance,  sufficient  load-deflection  data  were  recorded 
to  reproduce  a stress-strain  curve  to  0.022  In/in  strain.  These  data  track  the  stress-strain 
data  shown  In  Figure  3. 

A Neuber  analysis  of  the  data  was  run  using  this  stress-strain  curve  and  the  data  compared 
with  that  from  the  transducer.  As  was  seen  earlier,  this  analysis  Indicoted  significant 
residual  stresses  around  the  hole.  The  Neuber  analysis  was  then  modified  to  include 
residuals  and  the  data  compared  witli  the  transducer  measurements.  The  assumptions  for 
this  modification  are  Illustrated  In  Figure  21.  Results  of  this  analysis  Indicate  o 20  ksl 
residual  at  the  hole  as  shown  in  Figure  22.  The  Neuber  analysis  was  run  for  residuals  of 
0,  -10,  and  -20  ksl  and,  as  shown,  the  -20  ksl  analysis  correlates  with  the  transducer 
strains. 

Initially,  It  was  assumed  that  there  were  residual  stresses  around  the  hole  as  evidenced 
by  the  analyses  shown  In  Figures  18  and  22,  However,  a previous  analysis  at  Lockheed, 
for  an  infinite  plate  with  a central  hole,  using  finite  element  methods  of  analysis  and 
.he  Neuber  analysis  had  shown  similar  trends  for  zero  residual  stress.  This  analysis  is 
shown  plctorially  In  Figure  23.  The  Neuber  analysis  deviates  from  the  finite  element 
analysis  in  much  the  same  manner  as  the  data  analysis  from  the  super-scale  specimens. 
Further,  the  finite  element  analysis,  of  a similar  geometry , closely  approximates  the 
transducer  response. 

It  was  concluded  thot  there  are  in  fact  minimum  residual  stresses  at  the  hole  and  that  the 
Neuber  analysis  must  be  modified  to  accurately  predict  the  stress-strain  history  at  the  stress 
riser  In  a centrally  notched  hole,  A finite  element  analysis  of  the  super-scale  specimen 
was  then  run  to  determine  correlation  with  the  transducer  response.  This  analysis  is  reported 
In  detail  in  Section  IV. 
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o' , TRUE  NOTCH  STRESS  & STRAIN 

0|^,  RESIDUAL  NOTCH  STRESS  & STRAIN 

CT,  f NOTCH  STRESS  & STRAIN  RESULTING 
FROM  A FAR  FIELD  STRESS  'S' 

NEUBER'S  RULE  STATES 


IF  THE  RESIDUALS  ARE  ELASTIC 
^r"  E 

(K^S)'^  - (o’  - 0(^)  (E  f'  - c|^) 


Figure  21 . Residual  Stress  Calculations  Using  Neuber's  Rule 
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TRANSDUCER 


•FINITE  ELEMENT 


^ _0.005  X 10.3  10^ 

^ TTiSS 


2.994 


• ANALYSIS  FOR  SIMILAR  SPECIMEN  GEOMETRY 


3.4  EXPERIMENTAL  TECHNIQUES 


The  following  paragraphs  discuss  fha  t^est  tachniquas  used,  details  of  the  strain  transducer, 
and  the  strain  data  recording  system. 

3.4.1  Small  Scale  Notched  Coupon  Tests 

A quantity  of  small  coupon  specimens  were  cut  from  the  test  material  and  machined  to  the 
configuration  shown  In  Figure  13.  These  specimens  were  tested  ot  room  temperature  In  an 
electro-hydraullcall/  controlled  closed-loop  servo  system,  Interfaced  to  a computerized 
two  channel  load  programmer.  In  order  to  maintain  consistency  throughout  the  test  program 
all  specimens  were  laterally  supported  during  fatigue  loading.  All  small  scole  notched 
coupon  fatigue  test  data  are  reported  In  poragraph  3.5.1. 

3.4.2  Super  Scale  Tests 

The  super  scale  test  specimens  ware  cut  from  the  test  material  and  Identified  In  relation 
to  the  sheet  of  material  used  and  the  precise  location  within  the  sheet.  The  specimen 
configuration  Is  shown  in  Figure  12,  All  tests  were  done  in  on  electro-hydroullcally 
controlled  clos«d~loop  servo  system,  interfaced  to  the  same  computerized  two-channel 
lood  programmer  that  was  used  for  the  small  scale  notched  coupon  tests.  An  aluminum 
alloy  frame  fixture  was  attached  to  each  specimen  to  provide  lateral  support  during 
compression  loading.  A typical  test  arrangement  is  shown  in  Figure  24,  The  strain 
transducer  description,  calibration  procedures,  strain  measurement  and  recording  details 
are  discussed  In  sections  3.4,3  and  3,4.4. 

Two  super  scale  specimens  were  tested  at  -t-160”F.  The  test  setup  was  similar  to  that 
used  for  the  room  temperature  tests  and  heating  was  provided  by  "Briskheat"  heating 
tape,  wrapped  around  the  support  fixture  os  shown  In  Figure  25,  The  specimen  and  end 
fittings  were  then  wrapped  with  many  loyers  of  glass-cloth  In  order  to  confine  the  low 
level  of  heating  to  the  specimen.  A low  heating  level  was  necessary  to  prevent  damage 
to  the  strain  gages  on  the  transducer,  Copper-constantan  themiocouples  were  attached 
to  the  specimen  with  aluminum-foil  tape.  Two  thermocouples  were  used,  both  were 
located  0.40-Inch  from  the  hole  wall  with  one  on  the  centerline  of  the  specimen  length 
and  the  other  90®  apart  on  the  centerline  of  the  specimen  width.  Power  input  to  the 
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nfthi—iUulili'- 


Recorder 


I 

SaHup  for  Room  Temperature  Test 


Specimen  with  Support  Fixture  In  Place 


Fipuro  24  Typical  Room  Temperature  Tost 
Arranqament  for  Super-Scalo  Specimens 
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h«Qtlng  fape  wat  controlled  by  a manually  operated  autotraniformer  and  specimen 
temperature  was  monitored  on  a multichannel  strip  chart  recorder.  The  elevated 
temperature  test  setup  is  shown  In  Figure  25. 

3.4.3  Strain  Measurement 

Strain  measurements  were  made  on  all  super  scale  specimens  with  a specially  developed 
strain  transducer  that  was  located  In  the  specimen  2.0-Inch  diameter  hole.  The  trans- 
ducer Is  shown  In  Figure  26,  and  was  fabricated  from  0.125-Inch  thick  7075-T6  aluminum 
sheet  material.  The  design  Is  based  on  a NASA  self-supporting  strain  tranducar, 

Reference  4,  and  allows  measurement  of  large  strain  changes  under  repeated  loading, 

A pair  of  surface  contact  pins  (1  & 2)  are  held  In  Intimate  contoct  with  an  area  of  high 
stress  concentration  (3)  by  spring  pressure  acting  diametrically  In  the  hole.  Pin  (1)  Is 
held  rigidly  while  pin  (2)  Is  held  by  a flat  cantilever  spring  beam  (4),  Instrumented  with 
electrical  resistance  strain  gages.  As  load  Is  applied  to  the  test  specimen  a change  In 
strain  causes  the  gage  length  (distance  between  pins  1 and  2)  to  change,  The  movement 
of  pin  (2)  relative  to  pin  (1)  then  causes  the  spring  beam  (4)  to  deflect  which  In  turn 
produces  an  electrical  output  from  the  strain  gages.  Applied  load  also  causes  dimensional 
changes  to  the  hole  diameter  which  then  changes  the  stress  level  In  the  spring  beam  (4), 

It  can  be  seen  from  Figure  26  that  a verticol  dlsplocement  of  pin  (2)  will  create  a loading 
moment  to  the  spring  beam  (4)  and  produce  additional  changes  In  output  from  the  strain 
gages.  This  unwanted  output  Is  cancelled  out  (or  nearly  so)  with  a suitably  attenuated 
and  opposing  strain  output  from  a secondary  spring  beam  (5).  The  transducer  has  two 
sets  of  contact  pins  and  olso  two  strain  gaged  cantilever  spring  beams.  The  gage  length 
of  the  transducer  contact  pins  is  approximately  0,080  Inches  end  the  output  from  the  spring 
beams  are  combined  to  produce  an  average  strain  measurement  over  the  measured  average 
gage  length  of  the  contact  pins.  The  strain  transducer  output  Is  then  amplified  and  condl- 
tloried  before  passing  through  a special  data  logger  system,  described  in  Section  3.4,4, 

Sudden  specimen  failure  was  likely  to  disturb  the  calibration  of  the  highly  sensitive 
transducer,  therefore  calibrations  were  performed  prior  to  each  test.  Each  calibration 
was  performed  in  a certified  TInlus  Olsen  calibrator  equipped  with  a specially  designed 
mounting  attachment  for  the  transducer  as  shown  In  Figure  27.  The  attachment  consisted 
of  two  plates  with  each  plate  having  a semi-circle  cut  Into  it  on  one  side.  Each  plate 
was  attached  to  the  callbrotory  column  (one  on  the  movable  part  and  one  on  the  fixed 
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pari-)  such  that  the  two  semi-circular  cutouts  formed  a complete  circle  of  2.0- inch 
diameter.  Movement  of  the  micrometer  screw  on  the  calibrator  would  displace  the 
movable  column  and  change  the  diameter  of  the  circle.  The  transducer  was  mounted 
in  the  circle  and  calibrated  to  establish  strain  gage  output  for  known  contact  pin  dis- 
placement as  shown  in  Figure  28  and  also  for  known  diametric  changes  by  repositioning 
the  transducer  as  shewn  in  Figure  29.  In  addition  to  the  pretest  calibration,  provision 
was  mode  for  performing  periodic  calibrations  os  required  during  test.  This  was  achieved 
by  switching  in  a fixed  shunt  resistor  havinq  a value  that  wos  related  to  a known  trans- 
ducer displacement,  This  relationship  was  also  established  during  the  pretest  calibration 
of  the  transducer. 

After  calibration  the  transducer  was  carefully  positioned  In  the  specimen  hole  and  the 
four  contact  pins  wore  "bedded-down"  by  opplying  light  pressure  to  the  free  end  of  each 
pin.  A binocular  microscope,  equipped  with  a calibrated  filar  eyepiece  was  then  used 
to  accurately  measure  the  contoct  pin  gage  lengths  from  which  on  average  value  was 
determined. 

3,4.4  Continuous  Strain  Recording 

Continuous  strain  monitoring  was  achieved  with  a peak  data  logger  system.  A block 
schematic  diagram  of  the  system  Is  shown  In  Figure  30,  It  consisted  of  a two-channel 
multiplexor,  12  bit  analog  to  digital  converter,  8 bit  microprocessor,  and  7 track  digital 
incremental  tape  recorder. 

High  level  load  and  strain  inputs  were  fed  Into  the  system  but  only  the  positive  and 
negative  peaks  were  detected.  The  strain  peaks  were  compared  with  previous  data  and 
If  the  current  strain  peak  data  had  deviated  by  more  than  a pro-selected  percentage  from 
the  last  recorded  peak  data,  the  new  strain  onJ  corresponding  load  peak  values  were  logged 
on  the  recorder  along  with  an  event  number.  The  event  number  was  computed  by  counting 
total  cycles  applied.  During  programmed  hold  periods  the  system  recorded  load  and  strain 
data  whenever  the  latest  strain  data  deviated  from  the  last  recorded  data  by  more  than  the 
pre-selected  percentage.  In  this  cose  the  event  number  was  determined  by  counting  the 
elapsed  time  in  seconds  from  the  beginning  of  the  hold  period.  The  pre-selecied  percentage 
for  data  collection  or  rejection  in  the  system  was  intended  to  allow  collection  of  only  those 
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data  having  significance.  Tasting  was  occonipl isheci  under  load  control  which  in  general 

Is  accurate  to  - one  percent.  Data  recorcling,  however,  was  under  strain  control,  and 

a - one  percent  change  in  lood  for  some  cases  would  produce  a greater  percentage  change 

In  strain.  Generally,  the  pre-selected  percentage  wos  sot  to  allow  chonges  In  strain  of 
4* 

~ 110  microinchas  or  greater  to  be  recorded  on  the  magnetic  tape, 

3,5  COMPLEX  SEQUENCE  TESTS 

The  load-tlfna-temperotura  test  sequences  discussed  in  Section  3. 1 and  Illustrated  in 
Figure  1 were  applied  to  thirty  super-scale  and  18-notched  coupon  specimens.  Twenty- 
seven  of  the  super-scale  specimens  and  all  of  the  coupons  were  tested  to  Foilut'e.  Three 
super-scale  tests  were  to  evaluoto  cyclic  and  time  dependent  creep  only  and  were  not  tested 
to  failure.  Failure  data,  strain  histories,  crock  growth  data,  and  fror.tographlc  analyses 
ore  presented  In  the  following  paragraphs.  Data  analysis  and  correlation  studies  are 
included  In  Section  V . 

3.5,1  Data  Presentation 
(g)  Follure  S ummory 

A summary  of  the  fatigue  data  for  the  supor-scalo  and  notched  coupon  tests  Is  Included  In 
Tables  VII  and  VIII.  The  super-scale  summary  includes  sequence,  specimen  identification, 
cycles  to  failure,  cycles  to  crack  initiation,  and  for  convenience  In  comparing  data  sets, 
the  test  conditions  for  each  sequence  are  included.  Refer  to  Figure  I for  a complete  descrip' 
tion  of  each  sequence.  The  rosidirol  strength  data  in  Table  VIII  is  from  static  tension  tests 
after  cyclic  loading  when  fatigue  runout  was  encountered.  Cycles  to  crack  initiation  for 
the  super- scale  tests  Is  an  accurate  indication  of  the  onset  of  macroscopic  cracking  and 
was  measured  from  a change  In  the  magnitude  of  strain  recorded  with  the  transducer.  In 
all  cases,  these  strain  changes  were  apparent  before  a crack  was  visually  observed.  In 
those  tests,  failure  Is  defined  as  complete  fracture  of  the  specimen  or  Fracture  from  the  hole 
to  one  edge . 

This  series  of  tests  was  started  vriih  Sequence  1 to  simply  define  the  stress-strain  stale  at 
the  stress  riser  and  time  to  failure  for  constant  amplitude  cycling.  Then  in  successive  steps 
the  test  complexity  was  Increased  by  adding  overloads,  underlonds,  and  periods  nf  sustained 
loadings.  The  Intent  was  to  determine  relative  effec'j  of  sequence  variation  anri  to  measure 
and  quantify  strain  relaxation  and/or  creep. 
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TABLE  Vn  - SUPER-SCALE  TEST  SUA4MARY 
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TABLf  VM  - SUPER-SCALE  TEST  SUA4MARY  (Concluded) 


TABLE  VIII  - NOTCHED  COUPON  TEST  SUMMARY 


Sequence 

Specimen 

Cycles  To 

Residual 

Number 

Ident.  Number 

Failure 

Strength 

1 

2E-2 

103,620 

2E-3 

270,910 

3B-1 

96,290 

Ave. 

6 

lE-1 

1,606,590  NF 

85.9  Ksl 

3B-2 

2,387,950  NF 

84.6  Ksl 

3E-2 

1,763,820  NF 

83.5  Ksl 

8 

IE-2 

368,523 

lE-3 

1,435,400  NF 

83.3  Ksl 

2E-4 

997,333 

■"733755  Ave. 

14 

lE-4 

398,280 

3B-4 

745,326 

lB-3 

506,061 
3^7757  Ave. 

22 

3A-1 

45,006 

3A-2 

48,611 

3A-3 

37.232 
43,61i  Ave. 

24 

3E-4 

49,698 

lF-1 

40,864 

3A~4 

43,714 
4?7f57  Ave. 

(1)  Residual  strength  tests  'un  on  spocimens  which  did  not  foil  In  fotlgue. 
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Several  pertinent  data  trends  are  evident  from  the  data  in  Tables  Vll  and  VIII, 

(1)  Application  of  initial  tension  overloads  and/or  periodic  tension  overloads 
significontly  increases  the  specimo.i  fatigue  life  as  compared  to  the  baseline 
constant  amplitude  testing.  The  single  one-hour  sustained  overload  in 
Sequence  2 does  not  produce  the  some  magnitude  of  Increase  in  life  as  the 
pe'lodic  overloads  In  Sequences  6 and  hotMever,  Both  the  notched  couporss 
and  super-scale  specimen  For  Sequence  6 were  cycled  In  excess  of  I ..^'million 
cycles  with  no  failure  and  showed  no  reduction  In  tensile  residual  strength  when 
tested  statically, 

(2)  Irthial  compression  underloads,  either  sustolned  and/or  repeated  periodically, 
result  In  reducing  the  baseline  constant  amplitude  life.  This  Is  Illustrated  In 
Sequences  3-5  and  26  and  27. 

(3)  A compressive  underload  immediately  following  a tensile  overlood  tends  to  negate 
the  beneficial  residual  stresses  resulting  Froi..  the  applied  overload  alone.  By 
Including  the  -7.V  Ktl  undr.»load  Immediately  following  the  47.3  Kst  overload  the 

IFe  was  reduced  opproximotoly  seventy  percent  from  the  case  with  an  overload 
only  (Sequences  7 and  10).  In  general,  the  fatigue  life  decreases  as  the  magnitude 
■ ' the  underload  increases.  This  trend  is  shown  in  the  comparison  of  data  from 
Sequences  8,  9,  12  and  22  for  cyclic  periods  between  overloads  15,000 

cycles.  The  same  trend  for  ~ cycle?  is  shown  in  Sequences  10,  11, 
and  23. 

The  trends  discussed  in  ^i)  through  (3)  hove  been  reported  by  other  Investlfotors;  however, 
qualitative  stress-strain  data  has  not  been  available  to  model  these  trends  and  this  program 
was  rur-  to  attempt  to  obtain  this  necessary  experimental  data.  This  will  be  discussed  In 
more  detail  in  subsequerit  paragraphs. 

(4)  Including  n sustained  load  hold  period  immediately  foMoivIng  the  ccxnpressive  loading 
results  lt»  a further  life  reduction.  For  example,  comparing  'iequances  8 and  13 
shows  a Ufa  reduction  by  a factor  of  5 with  the  hold  period  included.  The  reductlrsn 


is  not  CIS  pronounced  with  hold  periods  ol  "15.6  Ksi,  however.  There  is  some  life 
leduction  lor  the  24-liour  hold  poi  iod  when  " 15,000  cycles  (Seciuodces  9 

end  1.5)  bi  t no  t.liuticie  tor  Nq|  ' 1000  cycles  (Sequences  11  and  16).  A sustained 
24-hour  hold  csl  -7.9  Ksi,  whic.li  is  typicul  lor  o transport  winq  on-qrouncl,  has 
substantially  negated  the  beneficial  effects  which  were  introduced  by  the  tensile 
overload,  Ttiis  time  dependent  re loxotlon/creep  is  cj  crucial  part  of  sindorstanding 
and  modelioci  tiotchod  sp'ecimen  futique  life,  A further  study  of  this  phonomenci 
was  done  in  test  Sequences  28  and  29  which  are  discussed  in  subsequent  paragraphs. 

Hold  times  iJl  the  flight  moan  (15.8  Ksi)  did  not  show  cm  effect  in  either  increasing  or 
reducing  specimen  life,  lliis  cun  bo  seen  in  compciring  Sequences  22,24  and  23,25, 

(5)  In  general,  sequences  with  - 1,000  cycles  resulted  In  shorter  test  lives  than 

identicol  sequences  wllli  15,000  cycles  between  overloads,  TItls  is  illustrated  In  a 
(•.otn|Hirison  of  Soquon<,es  (6,  7),  (8,  10),  (9,  II),  (14,  17),  etc.  Only  one  sequence 
pair  (1.5  end  16)  violates  this  trend.  Tlio  leducod  life  nioy  be  attributed  to  the  magnitude 
of  each  major  cycle  ("7.9  to  47.3  Ksi)  repouled  more  frequently  with  the  shorter 
period,  but  conclusive  dutu  to  ilds  effocl  luu  not  been  developed,  On  the  other  hand, 
Potter,  in  Keferenc.e  3,  has  shown  ilml  the  tiend  with  decreasing  periods  between 
overloads  is  an  increased  life,  file  dutu  ho'o  appears  to  contradict  Potter's  data; 
howuvet,  tbere  is  insufficioni  dukj  here  lo  show  this  is  the  case.  Additional  overload 
periods  should  lju  evuluuled  lo  buiior  oslublisli  u .•.Iritu  base  foi  (irsalylical  modeling. 

There  riuiy  be  cyclic  lelu-calion  nrouiul  llie  .slreis  i iser  whiclt  also  c.CHitrlbuled  to  the 
increased  life  witli  iliu  lonper  ovei  Umd  puiio  l, 

(6)  I’oi  Sequences  (13,  14),  (16,  I/),  niid  (<;0,  21)  tin*  24-tiour  hold  period  resulted  in  a 
slusrloi  life  them  the  :,tjc|:jc'iu:e  with  llm  hour  hold  period.  It  sM.i.  noted  its  (4)  that 
eoch  sequence  with  ■.ustnined  lo,idiii.|  ut  -7.V  Ksi  resulted  iit  significant  life  reductions 
conipured  to  sequences  williout  the  sustuined  looi!  pel  lod  . This  drjto  is  on  indication  of 
c.ieep  toll.iwlni)  tlio  plastic  deturmni  i<'n  oi  the  siross  ri'.'ii'  due  to  the  tensile  overloads. 

At  -15.6  Ksi  ilu'  trend  Is  reveised;  ■ •,  , the-  snortei  hold  period  results  in  a shorter 

life  us  ill  Sijgueiu  us  I ti  and  IV.  Ai.  ■,  llieie  is  iiiuv.h  less  voriation  in  life  with  and 
witlicjul  thu  -15.8  sustained  l.jud  Mian  li.eie  is  villi  iho  -7.9  load  as  pointed  out  In  (4). 


No  conclusions  hove  been  drawn  aboul  Hie  ■15. 8 Kii  data  nnd  additional  tests 
should  bo  run  to  evaluate  the  trends  liora. 

An  additional  study  of  the  creep  nt  -7,9  Ksi  wos  run  niul  these  dotn  aie  reported 
in  poragraph  3.5,2. 

(b)  Load  - Strain  Histories 

The  strain  response  for  the  transducer  was  continuously  recorded  during  ondi  test 
sequence.  These  data  have  been  plotted  as  time  histories  lor  l>^)lr.al  sequencm 
In  Figures  31  through  43.  Maximum  and  minimum  notch  strains  are  Illustrated  for 
the  major  overload/underload  cycles  along  with  the  upper  and  lower  strain  limits 
for  the  constant  amplitude  cycling.  Each  major  cycle  is  identified  by  number. 

Mean  strain  was  only  recorded  before  and  oflei  eoch  blr^ck  of  constant  amplitude 
cycles  and  a dashed  line  Is  shown  conner.lino  these  two  dotrj  points,  The  constant 
amplitude  limits  are  shown  os  a dash  mark  at  the  boginnlnp,  mid  poltit,  and  end 
of  each  block  of  cycles,  All  of  the  data  shown  were  recorded  over  an  0.080  gage 
length  Inside  the  central  hole  In  the  super  scale  specimens  and  are  considered  typical 
of  the  data  recorded . 

Several  trends  are  obvious  from  these  time  liistorlos,  For  example,  in  ooch  sequence 
there  is  a change  in  the  recorded  mean  strain  during  the  blocks  of  constont  amplitude 
cycling.  Also,  the  major  load  cycles,  overloads  and  undei  loads,  affect  a change  in 
the  mean  strain.  There  is  a minimum  rhonge  in  the  peak  strnin  during  any  sequence 
and  little  change  In  the  constant  amplitude'  peak  slroiti  until  underloads  of  -25  ksi  or 
larger  are  applied.  The  more  significant  time  dupandent  chanoes  wlilch  appear  ore 
the  changes  in  the  mean  stroin,  minimum  constont  nmplituds  strains, ond  the  minimum 
strain  associated  with  the  underloads.  These  uro  more  pronounced  wilfi  it'croasing 
underload  olso. 

It  was  pointed  out  earlier,  that  the  sequences  will  1000-block  cyclic  poriofls  resulted 
in  shorter  test  lives  than  the  saquenc'»s  with  1.5,000  cycle  blocks.  Sequences  9 and  1 1 
(Figures  32  ond  33)  ore  typ  icol  of  tlio  doto  recorded  for  fifteen-cind  one- tliousand 
cycle  block  tests.  There  is  a greater  rain  of  chonge  hi  the  menu  and  minimum  siroins 
for  Sequence  1 1 (1000  cycles)  wliich  may  f,ffi»r  some  insiaht  into  explaining  this 
phenomena . 

. 1 1 ..  . k^.lLi. gl..— . 
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iequence  No.  23 


- Sequence  No.  24 


The  sequences  wi  l^h  hold  times  of  the  compressive  loads  have  shown  evidence  of  time 
dependent  creep  during  periods  of  sustained  load.  This  creep  is  more  pronounced  in 
the  24-hour  hoid  periods  than  during  the  one-hour  hold  periods  as  Illustrated  in 
Figures  35  through  37,  In  each  cose  there  is  creep  Indicated  for  all  five  of  the  24-hour 
hold  periods  but  only  during  the  first  of  the  one  hour  hold  periods.  Again,  earlier 
discussion  had  pointed  out  that  the  24-hour  hold  period  resulted  In  a shorter  life  than  a 
one-hour  hold,  except  for  the  -15.8  ksi  sustained  stress,  and  this  data  tends  to  sub- 
stantiate that  trend,  Another  obseivatlon  is  the  time  dependent  changes  In  the  constant 
amplitude  strain  limits  In  Sequences  8,  13,  and  14  with  and  without  the  sustained  under- 
load of  -7.9  ksi.  Without  a sustained  underload  (Sequence  8)  there  is  little  change  In 
the  constant  amplitude  strains;  but,  following  the  hold  period  In  Sequences  13  and  14 
there  Is  a definite  trend  toward  more  positive  strain  limits.  This  again  substantiates 
the  shorter  life  obtained  when  the  hold  periods  are  Included  in  sequences  with  -7.9  ksi 
underloads.  In  Sequences  9 and  15  with  o -15,8  ksi  underload,  the  trend  is  different, 
however,  As  shown  in  Figures  32  and  37,  there  Is  a change  In  strain  with  or  without 
the  hold  period.  Sequences  with  the  -15.8  ksi  underload  did  not  follow  the  same  trends 
of  significant  reductions  In  life  with  hold  times  that  is  quite  apparent  with  the  -7.9  ksi 
underload  and  this  apparent  strain  change  may  be  a partial  explanation  of  the  phenomeno. 

There  was  evidence  of  creep  during  the  hold  periods  at  negative  loads;  however,  no 
creep  was  apparent  during  the  sustained  loads  at  the  flight  moon  loading  conditions, 

This  is  illustrated  in  Figures  41  and  43  and  reflected  in  the  times  to  failure  for  Sequences 
(22,  24),  (23,  25),  and  (26,  27). 

In  addition  to  the  strain  time  histories  discussed  above,  the  recorded  load-strain  histories 
for  selected  sequences  ore  illustrated  in  Figures  44  through  52,  The  first  and  third  malor 
load  cycle  is  plotted  for  each  sequence  shown.  These  curves  do  not  include  strain  data 
from  the  constant  amplitude  cycles  or  the  sustained  loading  periods.  This  data  does  Illustroto 
the  time  dependent  changes  in  mean  and  peak  strains  discussed  earlier.  In  each  cose,  the 
new  origin  for  initial  loading  for  the  third  cycle  Is  Indicated  as  point  A, 


3,5,2  Creep  Studies 

As  the  experimental  program  evolved  it  became  apparent  that  there  are  significant  effects 
of  the  creep  during  the  sustained  load  periods  and  this  does  effect  fatigue  life. 
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Two  sequences  were  run  to  obtain  additional  strain  data  at  the  stress  concentration  and 
to  define  a distribution  of  strain  across  the  net  section  of  the  specimen.  These  tests  are 
identified  as  Sequences  28  and  29  in  Figure  1.  For  Sequence  28,  the  tensile  overload  was 
applied,  then  the  specimen  was  held  at  the  -7.9  Ksi  stress  for  24-hours,  In  Sequence  29 
the  tensile  overload  was  applied  followed  by  a -32.5  Ksi  underload  and  then  held  at  +15.8 
Ksi  for  one  hour.  In  each  case  the  transducer  was  installed  In  the  hole  and  eight  strain 
gages  were  located  on  the  specimen  surface  as  illustrated  In  Figure  53.  Data  was  con- 
tinuously recorded  from  all  nine  data  channels  and  is  listed  In  Tables  IX  and  X. 

The  strain  distribution  across  the  specimen  is  plotted  In  Figure  54.  This  Includes  the 
transducer  and  strain  gage  measurements  at  the  start  of  the  hold  period  and  then  at  one- 
minute,  one-hour,  and  16-hours.  These  data  definitely  confirm  that  creep  is  taking  place 
immediately  ad[acent  to  the  stress  riser.  Strains  inside  the  hole,  as  measured  by  the  trans- 
ducer, are  decreasing  from  1130  Inches  initially  to  980  u inches  after  16-hours.  However, 
data  for  strain  gages  1 , 2,  and  3 (Figure  53)  show  a significant  increase  in  strain  adjacent 
to  the  hole.  There  Is  a 1000  y inch  change  In  strain  recorded  on  Gage  2,  located  0,15- 
Inches  from  the  edge  of  the  hole.  Figure  55  Illustrates  the  time  dependent  creep  data 
from  the  transducer  and  Gages  1 and  2.  Also  included  in  this  figure  are  the  recorded  strains 
after  unloading  the  specimen.  Apparently,  the  strain  and  assocloted  stress  changes  shown 
here  are  of  sufficient  magnitude  to  result  In  differences  in  specimen  fatigue  life  with  and 
without  the  hold  periods  in  the  test  sequence.  Test  life  is  significantly  reduced  when  the 
hold  periods  at  -7.9  Ksi  are  included  as  discussed  eorller. 

Since  only  strain  can  be  measured  directly  In  a test  such  as  Sequence  28,  changes  in 
stress  and  subsequent  effect  on  life  have  been  hypothesized  as  illustrated  In  Figure  56. 

In  evaluating  Sequences  8,  9,  and  12,  for  example.  It  is  evident  that  the  reduced  life 
associated  with  Increasing  compressive  lood  magnitude  is  dependent  on  the  notch  stress 
limits  during  constant  amplitude  cycling  and  not  on  the  strain  limits.  Therefore,  it  is 
hypothesized  that  during  the  sustained  lood  periods  when  there  is  strain  creep  there  must  also 
be  a stress  relaxation  such  that  subsequent  constant  amplitude  cycling  will  give  a shorter 
life  than  expected  without  the  hold  time  Included.  In  Figure  56,  a specimen  loaded  from 
O-A-B  with  no  hold  at  B would  cycle  between  the  limits  C-D,  With  a hold  time  at  B 
and  the  known  reduction  in  notch  strain  (Table  IX),  it  is  assumed  that  there  is  a stress 
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Figure  54.  Shrain  Distribution  - Sequence  28 


TABLE  X - RECORDED  STRAIN  - SEQUENCE  29 
SUSTAINED  LOAD  AT  15.8  KSI 


relaxation  from  B to  B'#  Subsequent  c/cling  will  then  be  between  C ond  D'«  Tills  will 
then  result  in  the  decrease  in  life  shown  when  hold  times  are  included  In  the  sequences. 

Additional  experimental  studies  and  finite  element  simulations  are  planned  to  further 
evaluate  this  phenomena. 

3.5.3  Crock  Growth  Doto 

Initlall/  It  was  planned  to  record  crack  growth  data  for  all  test  sequences,  but  this  was 
deleted  as  the  program  evolved.  Accurate  meosurements  were  difficult  to  obtain  as  crack 
growth  was  very  rapid  at  the  high  alternating  stresses  for  this  program,  Crack  growth  was 
a small  percentage  of  the  total  life  to  fracture.  The  limited  dota  which  was  recorded  Is 
listed  In  Table  XI. 

3.5.4  Fractographic  Studies 

The  strain  transducer  when  Installed  in  the  hole,  has  four  contact  pins  which  are  Inbodded 
Into  the  hole  sidewall  for  support.  These  pin  marks  were  not  thought  to  Influence  specimen 
cracking;  however,  several  failed  specimens  were  evaluated  to  determine  If  cracks  did 
originate  from  these  marks,  Fractographic  study  results  for  two  specimens  are  shown  In 
Figures  57  and  58.  In  Figure  57  the  crack  goes  between  the  pin  morks  and  initloted  at 
the  corner  of  the  hole,  Figure  58  shows  a crack  outside  the  transducer  pin  marks  which 
started  from  Imbedded  flaws  In  the  hole  sidewall.  These  are  typical  of  all  failures  and  no 
fail  ure  originated  from  the  pin  marks  caused  by  transducer  installation. 
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Fracturu  SvJrfuce  With  The  Crack  Oripin 
Luccition  Noted  By  The  Arrow 


l.,.„ 


Fipure  57.  (Concluded) 


' fi-  rirrtwirtHTfiiriiiMi'iiiiih*^ — l.  i.., 


99 


SECTION  IV 
ANALYTICAL 


4.  I ANALYTICAL  PROGRAM 

A convenMonal  faMgoe  analyjlj  which  UJ«$  nofched  S-N  data  and  computes  an  accuimula- 
tlve  damage  based  on  the  Palmgren-Mlner  rule  neglects  many  parameters  which  can  have 
an  effect  on  fatigue  llfe>  The  parameters  and  their  effect  are  generally  understood  but 
have  to  be  discarded  for  the  sake  of  economy<  One  such  parameter  li  the  sequencing  of 
applied  loads.  H.  Neuber  In  his  paper,  Reference  5,  presents  a theory  which  mokes  It 
economically  feasible  to  Include  the  effects  of  load  sequencing  In  a fatigue  analysts. 

h'atigue  cracks  originate  from  structural  discontinuities  such  as  fostener  holes.  The  dlscon* 
tlnultles  cause  stress  concentrations  which  are  usually  large  enough  thot  the  material 
becomes  plastic  when  the  structure  Is  subjected  to  normal  aircraft  operating  loads,  Upon 
removal  of  a load  which  has  caused  plasticity,  residual  stresses  become  locked  Into  the 
material.  These  residuals  are  additive  to  the  stresses  resulting  from  subsequent  load  appli- 
cations and  In  the  case  of  fatigue  they  alter  the  mean  stress  and  hence  the  damage  caused 
by  subsequent  cycles.  An  analysis  procedure  based  on  Neuber's  theory  calculates  the  peak 
elastic-plastic  stresses  In  a discontinuity  (notch)  which  Includes  the  residuals  from  previous 
c ycles. 

This  report  presents  on  analysis  procedure  which  uses  the  stresses  resulting  from  Neuber's 
theory  together  with  unnotched  S-N  data  to  calculate  a domoge  based  on  the  Polmgren- 
Mlner  rule.  The  analysis,  which  Is  In  the  form  of  a Fortran  V computer  program,  Is  based  on 
algorithms  which  simulate  the  following  three  phenomenot 

0 Material  response 

o Notch  response 

o Damage  predictions 

The  algorithms,  and  the  development  work  loading  to  them,  are  presented  In  the  following 
sections. 
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4. 1 . 1 Material  Rosponse  Choructefizution  of  7075-T651  Aluminum 


A study  of  tl)o  cyclic  stress-strain  response  resulting  from  the  strain  controlled  tests  G.Jl 
through  GJ37  is  presented  in  tliis  section.  The  purpose  of  this  study  is  to  chui(Jcteri;.u  the 
cyclic  response  for  /075-T65I  aluminum  lioth  during  horriening  and  in  the  stulde  condition. 

When  a material  is  cycled  between  fixed  strain  limits/  the  increment  of  stress  required  for 
each  successive  cycle  will  initially  either  increase  or  decrease  depending  on  whether  tlie 
material  is  hardening  or  softening.  After  a number  of  cycles,  which  depends  on  the  strain 
Increment,  this  hardening  or  softening  stops  at  which  time  the  material  Is  said  to  be  in  u 
stable  condition.  The  strain  controlled  tests  Gji  through  GJ37  show  that  7075-T65I 
aluminum  botli  hardens  and  softens.  The  response  for  four  of  those  tests  Is  plotted  in 
Figures  59  through  62.  Shown  Is  the  Initial  loading  curve  called  the  monotorilc  locus 
curve  and  the  initial  and  stable  cyclic  curves  consisting  of  an  upper  and  lower  branch. 

The  stable  cyclic  curves  for  those  tests  have  been  superimposed  In  Figure  63  and  u line 
plotted  through  the  peaks.  This  line  defines  the  cyclic  locus  curve. 

4. 1.  1. 1 Stable  Response  - The  algorithm  for  simulating  the  stable  response  of  707S-T65I 
will  bo  based  on  the  assumption  that  when  a material  is  hardened  at  a particular  strain 
increment  it  is  in  the  hardened  condition  for  all  higher  increments.  From  this  It  can  be  said 
that 

(11  Tlie  stress  anil  straiti  will  always  expand  along  the  cyclic  locus  curve, 

(2)  Excursions  from  tlie  cyclic  locus  curve,  for  intermediate  loadings,  will  follow 
a branch  curve. 

In  reality  tliere  are  an  infinite  number  of  branch  curves,  the  particular  one  tliat  is  followed 
being  dependent  on  tlie  previous  loading  history.  To  efficiently  represent  the  response,  it  Is 
necessary  to  characterize  these  curves  into  a conveniently  usable  form.  For  oxampio,  tlie 
cyclic  locus  curve  can  be  cliaructerizod  by  the  Rumberg -Osgood  expression 
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Locus  Curve 


Mtii‘1  ussurm's  thcil  nil  li  tirt:  -ii  i.-lt  i\.».l  siriitUw  lliisbul  ina^nifitjd  by 


(i  factor  of  2,  i . i; . 

h I'.  ,B 

' I f I 

wliorti  supwi’bcripl  B mfurs  lu  I.iimik.Ii  cmvo. 

Considar  tfia  stable  tycllt.  curvos  jjloilod  in  1-iijuro  64  with  their  lowar  tips  matching , 
Obviously  nono  of  thu  u|jpm  biaiKhes,  as  they  leova  tliu  cyclic  locus  curve,  are  similar 
not  are  any  of  Ihoin  iiiidUii  ii.  Ilio  cyclic  locus  curvu  magnified  by  a factor  of  2.0, 
Jhonsolf.1,  in  Peforenco  6,  chutacicfri^us  o inciterlul  that  exhibits  this  phenomfinon  as  o 
"Non  Massifig"  iiKitoriul.  Ihonsolo  doos,  howovur,  suggest  that  those  branch  curves  are 
similar  If  an  approprhiiti  inmslaili.>n  Is  nicide  along  the  linear  slope.  This  has  been  done 
In  Figute  66,  whii.l'i  shows  tliui  ilu.  "|i|.oi  biunchus,  as  Ihity  leave  the  cyclic  locus  curve 
for  TO7.‘5"T66I  ulumimim , .on  lio  (.homcioi  l,.inl  liy  a siriglo  ..uivu. 


A sirtilk'ir  study  l tin:  In  oi  Inoii-  In.,  i..  u ‘t  j,,  suci.cssti'l , Is  shusvn  In  Figure  66,  In 
which  tliu  uppur  tips  ore  imiichitd,  (tlrvlouily,  since  the  ulosllc  inodulll  ora  not  the 
sumo  iirs  oiinount  of  irrMshithsn  uloiig  the  linear  slnpo  ’.vlll  maho  the  curves  mafch*  There* 
Fore*,  consider  o buslc  lower  liuinch  , urvu 


li  B 


''leilnt.!d  ill  (I  buslc  bri'‘.ii-li  i uivu  sysium  'B*  oiul  'vliisli  lujs  thu  scjuio  elristic  modulus  E as  tlie 
locus  curve.  How,  c insidi.:i  o lypicul  l.s  ver  branch  curve, 


defined  III  u lowc-i  hi  II.  I|  ."I  , ,y:,i,.iii  MB'  Iind  wlm.li  hus  an  oiristk  modulus  of  'Eg'.  If 
ihu  orlyiii  i.it  Mill  i.'.v  ■ I'loii  li  ■ I ii ' e is  h.'* 'ilud  'il  llie  liiKun  prirtion  of  lire  Isaslc  bicjisch 
Olive  III  pniill  't  >'  I l'ii|iiic  ft/ , till)  l(  Iilisf.  inmil  i.  Ill  lielwnen  the  two  syslams  ist 
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B 
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.1  ir  t , I 
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Thu  I) Int.l ic  iiu.du III  I .. 


Berests 


and 


'b 

d«a 


(5) 


Krom  (3)  equation  (4)  can  be  written 


d ( 


L B _ J 
E 


(6) 


B 


B 


Then  as  long  as  end  t,  ^ remain  elastic  equations  (5)  and  (6)  give 


B, 


Integrating 


■LB 


€ ^ 


a ■ 0 


+ c 


B B , b - E 
Now  n “ <0  when  cr  E . f 
Ld  b 0 

then 


■(4  ■ 


i:  8 

E . (_ 


and 


(7) 


It  will  now  be  assumed  that  equation  (7)  defines  the  relationship  between  a basic  branch 
curve  and  the  lower  branch  curve  for  the  full  elastic/plastic  range.  Then  the  form 


/I  1\  B 

k'V-  ” 


lines  up  the  e'astic  slopes  of  the  curves  nnd  the  term 


Is  0 translation  along  the  elastic  axis  of  the  basic  branch  curve  such  that  the  nonlinear 
portions  match.  To  verify  this  the  curve  has  boon  created  from  equation  7 for  each 

of  the  five  tests  shown  in  Figures  59  through  62  with  the  translations  along  the  elastic  oxls 
chosen  to  give  the  best  match  over  the  nonlinear  portions  of  the  curve,  Tliese  are  superimposad 
in  Figure  68  showing  that  a single  basic  curve  together  with  equation  (7)  can  adequately  be 
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Figure  68-  Stable  Hysteresis  Loops  with  Motching  AAodified  Lower  Branches 


be  used  to  represont  all  the  lower  branch  curves.  Figure  68  also  shows  that  the  upper  branch 
curve  is  very  similar  to  the  basic  lower  branch  curve,  ThereFore,  the  single  basic  bronch 
curve  shown  In  Figure  69  will  be  used  for  both  the  upper  and  lower  branches,  To  use 
equation  (7),  It  Is  necessary  to  relate  the  bronch  curve  modulus  Eg  to  the  strain  Increment 
A«/2.  This  has  been  done  In  Figure  70,  using  the  lower  bronch  elastic  modulll  from  the 
five  baste  tests.  Finally,  the  branch  curves  are  located  In  the  basic  s‘ress*straln  space  by 
requiring  that  they  reIntersect  the  cyclic  locus  curve  at  a magnitude  of  strain  equal  and 
opposite  to  that  for  the  point  on  the  cyclic  locus  curve  from  which  they  stortod, 

From  the  above  procedure  the  trace  of  th*  upper  branch  curves  leaving  the  compression 

segment  of  the  cyclic  locus  curve  and  the  trace  of  the  lower  branch  curves  leaving  the 

tension  segment  of  the  cyclic  locus  curve  are  defined.  What  Is  still  not  known  Is  the  troce 

of  a branch  curve  when  It  leaves  another  branch  curve.  Although  the  tests  thus  far  run  are 

not  loaded  to  this  condition  It  Is  expected  that  when  a branch  curve  leaves  the  elastic 

portion  of  another  branch  curve  they  will  hove  the  some  elostlc  modulll.  This  means  that 

the  upper  branch  curves  will  also  have  to  change  their  shape.  It  will  therefore  be  ossumed 

that  the  shape  of  both  the  upper  and  lower  branch  curves  vary  linearly  between  the  basic 

curve  and  the  lower  branch  curve  corresponding  to  the  maximum  A</2  thus  far 

experienced,  see  Figure  71.  If  the  material  has  been  loaded  along  the  cyclic  locus  curve 

to  a strain  whose  absolute  magnitude  is  | Af/2|  then  the  lower  branch  curve  would  leave 

rhe  point  P on  the  tension  segment  of  the  locus  curve  with  on  elastic  modulus  of  defined 

B 

In  Figure  70,  The  upper  branch  curve  would  leave  the  point  P'  on  the  compression  segment 
of  the  locus  curve  with  on  elastic  modulus  of  E.  Now,  consider  o loodlng  from  point  P 
along  the  lower  branch  curve  to  S,  Then  a loading  from  S will  follow  on  upper  branch 
curve  which  has  on  elastic  modulus  defined  os  follows. 


'max  " 'p  - ^'p/  L 

(8) 

'min  "'p'  - '^P'  / e 

(9) 

"'s  " ^ " 'min 

(10) 

^*2'"'mAX  - 'min 

(11) 
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(12) 


rfmn 


^<1 

Ac’. 


Subsf IhiiMilf]  foi-  Ac  I 


1 

r 

B 


1 

li 


1 1 f(aj/E.)(t/E|j-  I)/  Ar^ 


Finally,  ihu  brandi  c-.urvos,  wlioti  tbuy  luavo  aiiolhor  bmndi  curvo,  oru  loroiml  in  lluj 
jlreis-jirain  ipaco  by  roqulrlni.')  tluit  tlioy  olwciys  form  closuci  IoO|js,  Moru  ipuc. if  ic'il ly , 
ihlj  can  bu  itntud  by  )liu  condition  fliat  tlio  branch  curvo  must  Inlorsoc.t  iho  orlfiln  nf 
tho  branch  curvo  ihut  It  loavcn, 


(13) 


Tho  coniplolo  algorithm  for  simulating  tiui  stublo  rosgonsu  of  70/.5-T651  akmtinum  li 
1 1 lujtratofJ  In  Flyuui  72,  This  n.xnrnplo  |»rocoods  through  tho  following  stops. 

• Assutno  that  tho  mntorlol  has  boon  cyclic  hordonoil  to  paint  A(W,0,02)  an  ihii 
cyclic  loi  us  cui VI! 

Ac  2 ■ 0.02 

E_  from  Fiquro  70 

n 

'P,  ■ (90,  0.02),  P]  (-V7,.U.02) 

^MAX  0.02  - 90,000  9. yW,.  10^  :0.01032 

’’mIN-'-0.02  I 97,000  10.4x10^  -0.0106/ 

Ar^  0.01032  i 0,0106/  0.0/099 

• Luufllni]  frcjtn  A tu  li(-V0, -U.OU/)  dl.-iuj  tho  hmnt.!\  iiivi;  wliiLh  lin;.  iiti 

nuxlulu*)  rif  'y,2V.^3x  10  , ffui  lji«'jnr  h i miso  is  l-u  utoO  ’..i  iluit  it  |uj'j!ii:s  lliHMj(|h 

> 

points  A and  f^*.  1 huii  S (-*A) ,--t),0() /)  otsd  tbo  niustic  ncdulus  b'l  tliu  nuxt 

luadinti  ini  rnnuint  is 
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-B  - 10.4x10^^ 


1 +(-90. 000/10. 4xl0°)(10. 4/9, 295  -l)/0.02099 


= 9,689x10'= 


Loading  from  B to  C(8-4, 0,016)  along  tlie  bmnch  curve  which  has  an  elastic  modulus 
of  9,689x10^,  The  branch  curve  It  located  lo  that  It  panes  through  points  B and  A, 
Then  S (84,0,016)  and  the  elastic  ntodului  For  the  next  loading  Incroment  Is 


10.4x10* 


1 +(84, 000/10. 4xl0*)(10,4/9. 295  -D/0.02099 

ni32TTA'=^  maim  1 6 . 


« 9.449x10* 


* Loading  From  C to  D(-78, -0.003)  along  the  branch  curve  wh  ich  has  an  elastic 
modulus  of  9,449x10*.  The  bronch  curve  Is  located  so  thot  It  passes  through 
points  C and  B,  Then,  S “ (-78,-0,003)  and  the  elastic  modulus  for  the  next 
loading  Increment  Is 


“ 10.4x10* 


1 + (-78,000/10.4x10*)(10.4/9.29S-l)/t).02099 

T +'OT63  r07nCJ5?yni574/9:?95^1)/0.02099 


“ 9.544x10* 


•*  Loading  from  D to  E(95,  0,03).  The  material  Is  first  loaded  to  C along  the  branch 
curve  which  has  an  ulastle  modulus  of  9.544x10*.  It  then  follows  the  branch  curve 
which  has  a modulus  of  9,689x10*  and  passes  through  points  B and  A.  At  Point  A 
follows  thu  c/cllc  locus  curve  to  E> 


Af/2  “0.03 

ig  “ 8,92x10*  from  Figure  70 
Pj  “(95,0.03),  Pj'  “(-100,-0.03) 


*MAX  «0,03  - 95, 000/8. 92x10*- 0.02087 
^MIN“-0,03  + 100, 000/10, 4x10*--0. 02038 
^^-0.02087+ 0.02038“  0.04 125 


• Loading  from  E to  F(- 100,-0.03)  along  the  bronch  curve  which  has  on  olcisllt 
modulus  of  8.92x10^,  Tlian,  b ='(- 100,-0.03)  and  llio  o lastic  modulus  for  the 
next  loading  Increment  Is 


Eo  in  in^  + ("100, 000'10.4xl0*)(10, 4/8. 92-1)0. 04125 
B M 0 . 4x  1 0 - 


10,4x10* 
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• Locictini^  from  point  !■  will  follow  tho  bnsic  limnch  rurvo  which  hns  on  olmiic 
moilulus  of  10,4x10^. 

1,‘ ' ' ^ 2 , C/'-’  l'<~'  Hofdan  Ing  and  Softoninp  - It  i»  finl  nor.oisury  to  roproioni  tlio  trnnsiont 
loops  In  a simllcir  foshlon  to  tho  stnblo  loops.  Tim  loop's  panorcitod  (luring  tho  first  cyc.ln  for 
(our  of  llm  tests  are  superlniposocl  on  tho  basic  stoblo  bmnch  curve  in  Fipuro  /’3  will>  tho 
up|.ior  hmnr'.hos  matching,  /'ho,  a basic  hronch  curve  hos  been  nenoratod  for  the  initial  lower 
bmtU'.b  cui'vu  of  o(j(  h of  tho  fc'ur  tests  using  oquutlon  7 otui  ore  supcsriiuposud  on  tho  basic  bmnch 
curve  III  riguro  74,  ripuros  73  and  74  show  thol  the  basic  brancli  curve  can  ho  used  tc'  repro- 
soiit  the  trnnsliint  loops  In  iho  same  way  it  is  used  lo  roprosonl  llto  stable  loops. 


In  order  In  ini.ludr,'  cyclic  liardonlno  or  snl'lonlnc)  In  <i  hysteresis  loop  fotlcjuia  oiiolysis  it  Is 
luicessoiy  1(1  doflnn  ilio  rcihi  at  whicit  llin  niolorldl  brtrdons  for  each  cycle,  Bosed  on 
■ 'hsoi'vgl Ions  of  ilie  fully  rns'ersed  cyclic  tests  G.I1  tliroiigb  G.J37  It  Is  .tisown  tliat  the 
iKjideniiiri  of  707.5- 1 d.'i  1 nluin iiumi  can  b«  odequaloly  defined  by  two  simple  curves.  Figure  75 
shows  tim  plois  of  tlio  peak  taiislon  'Jtross  versus  tho  nunibor  of  fully  reversed  cycles  for  four  of 
tho  tests,  From  tliuse  [tints  Iho  miiuher  of  fully  reversed  oycloi  required  to  completely  harden 
the  motarlol  bus  hiion  loliiu'd  ond  is  ploltod  In  F'lquro  76  v(srsus  tho  strain  Inttroniont 
A</7,  Also,  fi(.  ri'  I Iguit’  7'i  i|,n  Inr  i f.itioiit  between  tho  completely  hardened  peak 

li'iislon  slr"ss  (pnlni'.,  i->n  tho  cy'  Hr  Urus  ' uivu)  end  Iho  peak  mnnolotilc  lofision  strcir.5 
(p'dnts  on  till!  mniioiohii.  I''('.iis  (.iiivf)  lim'c  li”-'n  'lofinod.  The  (Jala  points  in  I’iguru  76 
have  heuti  tV'iinnli/i'd  hy  'nj^'  (ind  '’■''d  r"pl'.'tii'd  In  Fi(ium  7/.  Tills  shows  llirit  a 

sltigln  curve  aiio(]unli'ly  dnlltiu'.  tliu  Iviidnninq  rail'  of  /(V'i 1 6,'i  1 . flinrufore,  tills  curve, 
tocielher  witli  tlm  cuivc,'  in  Figure  76,  (.an  l.m  used  to  c.alculale  llio  rimonnl  ol  hrirdonlnri 
'Aa/A(r||'  duo  to  fully  rovorsi’d  tyc.los  nt  ony  strain  inernmont  'Ar  Consider  an  example 

In  which  u spcicimen  ('f  7075-T6'il  is  lycliid  iHiiwoen  slrnliis  of  -•0.'d7,  fhen 

Ar.  7 0.02 

tij^^  7,4  from  Flpiure  76 

n ii|j  I 7. 4 ■■  (f , 1 3.')  for  ilm  first  cycle 

An  AiTji  0.41 'i  from  Figure  77 

1,0,  tli(S  amount  of  hardening  for  the  first  cycle  is  41 ,5‘ii' 
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NUMBER  OF  FULLY  REX-'ERSED  CYCLES 


ii  n|.  7 /'.•I  O.^/C)  For  llio  iih-oikI  lycld 

Z'- ft  ^ i'-ir'lc  /V 

i.ti.  iho  amount  of  harcloninfj  uftor  Iho  sucond  cycia  U 68i5% 

Tliis  proceduru  is  bosud  on  tests  for  fully  luveistid  cycles  between  strains  of  equal  and 
opposite  magnitude.  In  reality,  Ibis  very  rarely  occurs,  the  hysteresis  loops  being  generally 
offsot  along  tin)  strain  axis,  Also,  full  fuirdonlng  usually  results  from  loops  of  vorlous  sizes 
and  not  From  loops  of  fixed  size.  In  order  that  the  analysis  procedure  ma>  be  applied  to 
tliasa  ganercil  conditions  the  Following  assumptions  will  bo  made. 

(1)  lh«  strain  inurorneni  A t used  in  Klgum  76  is  (ndapendant  of  where  it  is  located 
on  thfi  strain  oxis  (i.o,  moan  strain). 

(2)  llii)  linrduning  rate  torrn 'n/iij is  arxiimulative  for  cycles,  l,e. 


r 


(3)  Iluj  poironl  i.il  lioidoniiig  'AO'  AU||'  ulfocis  the  full  range  of  the  nionotonlc  locus 

curv  H . 

Wlioii  lliu  iMijinr'iril  is  loodud  ulurig  tliu  tension  si;gmunl  of  the  nionotonlc  curve  to  a strain 
of  f and  llion  nnloodoJ  on  oiiimint  2c  ti  spoeiflv;  cjinuunl  of  hardening  ivlll  hove  occurod 
to  the  compressive  seginonl  of  the  monotonic  cnivo.  A similar  effect  will  bo  seen  to  have 
occurioJ  10  the  lurision  monotoniu  curvu  it  the  maieiiul  were  first  loaded  in  compression. 

Wheii  thu  iii.iluiitil  is  lon.lod  iloik|  llio  lonsi.'ii  iin.'iioloriic  curve  an  amount  ( ond  then 
unloodijd  olid  loloodi.'l  ho.  k to  ( o lost ic.n I ly  no  liurdoniiK)  will  have  occurred  to  the  tension 
M,Hjiiiijiii  111  Ml.  n...iini  ,111.  i...iive.  The  suii.o  etli;.  I woiiUI  bo  soon  for  the  compression  segment 
III  the  nuiiioi.iniL  mive,  Bojud  on  tlieso  two  observations  It  will  bo  assumed  that  the  hardening 
of  iliu  luiision  oil. I L .iii.f'i'usii  on  siiijimints  ot  llio  m.motonic  curves  ore  uncoupled.  The  harden* 
Inij  ol  ihi;  I I iii.pi  ussi.  Ml  tiion.-i  • m i c curve  ivill  l-i;  hosod  on  iho  amount  of  Incremental  strain 
viss.ic  inioil  wiih  oiiliui  Miu  iGnsi.jii  rnonoioiii.  i urve  .,r  ihi*  upper  branch  curve.  Similarly, 
dill  liuiiluniiiii  .it  Mic  iijnsi'jii  tiumoionif  ^.uiv.:  .vill  he  liaswd  on  the  ciniount  of  incremental 
siruin  1 ibsu c 1 1 lied  .dlli  uilliei  lliu  coinpi essivo  iiiouoi.jiiic  curve  or  tlie  lower  branch  curves, 
finally,  to  iiinuloie  i.losed  l.sofis  during  llio  IronsienI  condition,  It  will  bo  assumed  that 


th«  points  In  tii«  stress  strain  spoce  will  expatvl  nlonp  the  elastir  slope  of  tho  liraricli 
curve  that  initiates  from  that  point. 


Consider  now  this  procedure  Included  in  the  following  oxatnple  whicli  is  sliown  ar'i|.hlcnlly 
in  Figure  78.  Initial  loading  to  Aj(86,  K3.025)  along  the  tension  segment  of  the  monotonic 
locus  curve,  Then  '(“92,-0,025)  Is  the  point  on  the  ccniprasslvo  segment  of  the  monotonic 
locus  curve  which  a branch  curve  leaving  A,  must  pass. 

A c/2  = 0.025 

Eg  = 9,06x10^  from  Figure  70 
b 

^MAX  = 0.025  - 86,000/'9.06xl0*-0.01551 
'm|N=-0,025  + 92,000/10.4x10*-  0.01<M5 
^^=0,03166 


= 5.7  from  Figure  76 
(n/nj  « 1/5.7=0.1754 

"ten 

r(n/nJ  =0.1754 
TEN 

(Ao/Arr  ) =0,51  or  51  ?-o  hardening,  from  Figure  7/, 

" COMP 


Loading  from  A.  (86,0,025)  to  B,  (“89„5,-0.008)  olong  the  branch  curve  which  has  cm 

6 

elastic  modulus  of  9,06x10°  and  Intersects  the  point  A^,'  (-95,5,-0.0?'i3).  A^'  lies  on 
the  51%  hardened  compression  locus  curves  at  the  intorsortion  with  tlie  oxtunsion  of  a 
basic  branch  curve  originating  from  A^'. 


Ac/2=0.0165 
Eg  = 10.4x10* 


1 + (-89,500/10.4xl0*)(10.4,'9.06-  l)/).0:tl66 

ttifo:(tostt),ot6i;'-^(io:4/9.06-  ^ ■ 


9 , 1 6x  1 0 


6 


= 9.5  from  Figure  76 


(n/n  J 


= 1,79. 5=  0.1 053 


(Ao/A^y)  =0.335  or  33.5%  hord«nlng  from  Figure  77. 
" TEN 


Loading  From  B|(‘*89.5,~0.008)  to  C|(87. 0.022)  along  the  branch  curve  which  hoi  on  elaitic 
modului  of  9.616x10^  and  Intoriectt  the  point  A2(89. 5,0. 0252) . ^2  lloi  on  the  33.5% 
hardaned  tenilon  locui  curve  at  the  Intariactlon  with  the  extontion  of  the  branch  curve 
originating  from  point  and  having  an  alaitic  modului  of  9,06x10^ 


Ai/2^0.015 

10.4x10^ 


1 + (87,000/I0.4xIO^(10.4/9.06-1)A03166 

r+Ts .522^01^  ; 


9.172x10^ 


* 1 1 from  Figure  76 

“ ’/II  =>0,0909 

S(h/nJ  =*0.1754  +a0909»  0.2663 
^ TEN 

(Ao/Aa^)  =*0,60  or  68%  hardening,  from  Figure  77, 
^ COMP 


Loading  from  C, (87, 0,022)  to  D,(*'89.5,-0,006)  along  the  branch  curve  which  hn»  on  alujtic 
modului  9.172x10  and  Interiecti  the  point  B»(-91 ,5,-0.0082) . lies  on  the  branch  curve 
which  originatei  from  Aj,  hoi  an  elaitic  modului  of  9,06x10  and  paiiet  through  Ajj'(-97, 0.0254) 
at  the  Interiectlon  with  the  exteniion  of  ihe  branch  curve  which  originatei  from  point  B, and  hai  a 
modului  of  9,616x  10^,  Ag'  llei  on  the  68%  hardened  compreiilon  locui  curve  at  the  Interiectlon 
with  the  exteniion  of  a bailc  branch  curve  originating  from  point  A^', 


Ac/2  - .014 


= 10.4x10* 


1 +(-89.5/10.4xlO*)(10.4/9.06-1)A03166’ 

r+ 0T0T513KTO.7?f 


--•=  9.53x10* 


n|_j  ===  12,0  from  Figure  76 


(n/n  J 


= 1/12.8=0.078 


=’0. 1053  t-0.078  = 0. 1833 


’0(n/riu) 

COMP 

(Ao/Lct  ) =0.55  or  55%  hardening,  from  Figure  77. 

TEN 

Loading  from  D| (-89,5,-0,006)  fo  E^(91 ,5,0,03)  Initially  along  the  bronch  curve  which 
has  an  olastic  modulus  of  9.53x10^  and  Intersects  the  point  C2(89 ,0,0222),  C2  lies  on  the 
branch  curve  which  has  on  olastic  modulus  of  9.616x10^  and  panes  through  points  B2  and 

A_(90, 5,0.0254)  at  the  intersection  with  the  extension  of  the  branch  curve  which  originates 

^ 6 

frcxn  Cj  and  has  an  elastic  modulus  of  9,172x10  . Aj  lies  on  the  55%  hardened  tension 

locus  curve  ot  the  intersection  with  the  branch  curve  which  originates  from  point  A»  and  has 

an  elastic  modulus  of  9.06x10  . Loading  continues  from  C2  to  Aj  then  from  Ag  to  D|Olonp 

the  55%  hardened  tension  locus  curve,  E|'  (-98,-0,003)  is  then  the  point  on  the  68% 

hardened  compresslori  locus  curve  through  which  a branch  curve  leaving  E|  must  pass, 

Ar/2-^0,03 

" 8.92  X 10^  from  Figure  70 

^MAX“0.03  - 91 ,500/8. 92xl0*«0.01974 

^MIN»-0.03  t-  98,000/10.4x10^=0.02058 
AyO, 04032 

n^  ^ 4,8  from  Figure  76 
n 

(n/n  ) = l/4.8“0.2083 

TEN 

'T(n/nJ  =0.2663+0.2083=0.4746 
^ TEN 

(Ao/Aofu)  -0,88  or  88%  hardening,  from  Figure  77, 

COMP 
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4. 1 , 2 Notch  Retpoma 

Neuber's  aquation  states  that  the  product  of  the  true  notch  stress  and  strain  is  equal  to 
the  product  of  the  stress  and  strain  if  the  rrmtorial  romalns  elastic,  I.e. 

cr  X e X E =*  (S  X 

Hence  In  order  to  predict  the  stress  and  strain  at  a notch  with  a concentration  of 
under  the  action  of  a far-flald  stress  S,  This  equotlon  hos  to  bo  solved  simultaneously 
with  the  material  stress  strain  response. 


This  relationship  was  developed  for  a very  specific  type  of  notch  under  the  octlon  of  n 
Very  specific  loading  condition.  Upon  applying  it  to  the  super  scale  specimetts  tested 
In  this  program  poor  correlation  was  obtained  In  the  high  plastic  regions.  Based  on  a 
study  of  this  correlation  the  following  modified  Neubor's  equation  was  developed. 


f 


o X c X E 


(s  X K^r 


This  aquation  gives  a much  bettor  correlotlon  with  the  test  data  os  cap  be  soon  In 
Figure  79, 


4.1.3  Cyclic  jQoop 

In  an  effort  to  understand  the  notch  response  to  cyclic  cteop  und  or  relaxation,  o 
special  sequence  (Sequence  30  In  Figure  I)  of  load  was  applied  to  the  super  scrj|t> 
specimen  2E3.  The  sequence  of  loads  applied  to  the  specimen  Is  shown  in  Figure  00, 
The  specimen  was  first  loaded  to  29, BOO  pii,  A to  B,  which  was  lilqli  ettough  to  causo 
the  edge  of  tlio  liolo  to  go  plastic.  The  load  was  then  removed, rosu It ing  In  u residual 
stress  of  15,000  compression , It  was  then  cycled  10,000  times  botwoon  stresses  of 
-5000  psi,  C to  D,  and  reloaded  to  33,200  pil,  E.  If  any  cyclic  relaxation  accurod 
during  the  cycling  between  C anti  D then  the  trace  In  tlio  gross  area  stross-stniin  space 
would  braok  asvay  before  It  achieved  the  previous  roochod  value  at  B,  The  specinmn 
was  then  unloaded  and  ogain  cycled  10,000  times  between  5,000  psi  and  25,000  psi. 
Again,  roloodlng  and  relaxation  would  show  up  os  an  early  brook  awu;  hi  tlu.  .n  .v 
area  stress-strain  space.  The  results  of  tlio  test  Is  sitown  in  Figure  8l  . 
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4,1,4  Damagfj  Predictions 

The  damnae  for  ench  bloci-  of  cyi  !ir  tonrU  (-rinhe  colculalfid  once  llie  true  notch 
stresses  nre  known.  The  Hamogo  duo  to  ihi>  tion  froni  ono  block  to  onoiber  Ikjs 

to  bo  luindlod  in  a specicil  mrinner.  This  nnnlyvis  n-.o-;  flu?  min  f h>w  (nrluilcjun  I,-.' 
dofarmine,  from  the  stroin  history,  the  equivalent  cyclic  stresses  and  the  numhor  of 
cycles  which  represent  the  transition  between  blocks  of  data. 

The  roin  flow  method  usas  the  peak  simlns  from  ecidi  block  of  date  to  determine  tlie 
uqwivrilent  cyclic  stresses  ond  the  iriiinlu'r  .s(  cyclns.  The  nnmo  l^iirr  Flow  comes 
from  the  cmnlogy  that  is  made  to  rain  flowing  <>ff  n roof.  Tlie  roofs  aro  considored 
ns  tho  linos  ioinlng  the  peak  strains  In  n stroln-limrj  plot  wIiqi'q  the  time  is  the 
vertical  axis.  Rain  Is  allowed  to  flow  from  roof  to  roof  until  it  encouirters  rain 
tliat  has  flowed  over  a larger  horizontal  distance . Tim  horizontal  length  of  eoch  rnin 
flow  Is  than  counted  os  half  a cycle  and  the  meritr  and  alternate  stresses  cjre  determined 
from  tho  stresses  at  tho  bogintting  and  end  of  the  half  cycle.  Figure  b2  taken  frotri 
Reference  7 shows  an  example  of  this  method. 

In  applying  this  procedure  to  repeated  cycles  It  is  assumed  that  tho  results  from  individual 
half  cycles  can  bo  superimposed.  This  Is  illustrolod  In  Figure  83,  where,  for  the  Inlttcil 
looding  increment  tho  material  follows  tlio  locus  curve.  Upon  unloading  ilia  rriotorial, 
follows  the  bronch  curve  until  it  moots  the  modified  Noubnr  curve  dolined  rolalivo  to 
the  start  of  the  unloading  branch. 

The  analysis  calculates  an  accumulative  domage  based  on  tlia  Pu Imgren- Miner  thoory. 

The  occumulative  damage  is  the  sum  of  the  damages  from  eoch  individual  block  of  cyclic 
stresses  and  from  each  half  cycle  representing  tho  transition  between  blocks  of  data.  Tlie 
Individual  damages  are  defined  as  the  ni.imb«*r  of  cycles  (n)  applied  nt  the  specific  stress 
levels  divided  by  tlie  number  of  cycles  (N)  it  lakes  for  a crack  to  nucleate  at  the  specific 
stress  level.  The  accumulated  damage  Is  ihnn: 

DAMAGE  - En/N 

The  number  of  cycles  (N)  to  crock  rsucloniion  is  nbtoitied  from  tlie  lest  data  of  unnotclied 
coupon  specimens.  This  data  cati  be  iniorpr’otod  for  eitlmi  tbrj  stresses  or  strains  results  from 
the  Neubar  analysis,  Prudicfi.'d  versus  rn  iual  tlino  u.  Failures  are  discussed  In  Section  V. 
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SU  IlCJtJ  V 


IjATA  AN/M  Vh  is  ai-ju  r ( )|<|;!: ( A'I  ION 

A.  vM'>l  (inii">ni  -if  ini'..‘Mlol  >!(iio  ■.  ..lli;.  ii  .1  (liiriii,|  PIuim;  I in  an  allanipl  lo 

quunt-ify  tjnci  rriodtjl  llio  strnss  and  sirciln  iiuln  nl  u v,tios4  risur.  Tlictso  tests  includo  u 
.'.ului  iaU  cliaiciatui  i.'.al  ion  study  as  well  cis  i.  tricilriA  of  laliqau  lusts  to  measuiu  the 
noicli  strain  Idslory  durincj  complax  loiji.'inct  satiuuiicfs . file  materials  data  lias  beuri 
usod  to  (ihulyl  iciil  ly  nicn.'iel  the  cyclic;  re-,|j>i.ise  dm  incj  horilonitui  and  in  llie  slciblo  c;on-- 
dilion,  Suclici.'i  IV.  Noti'.li  iosp.'.mso  and  daina.n;  piadicliotii  usirig  this  analysis  model 
aro  cotnparod  with  uxperiiiH.inicil  rusults  in  tlic  foil  . >wiiig  section,'.. 

:>.l  JNOTCH  RbSPONSK 

Th«  analysis  discussed  in  4.  1 .1  . 1 luis  Ikjo-m  nsi/d  for  produ:ling  the  notch  stroin  response 
tor  each  sepui-vsccdo  test  soquunco.  A plot  loeline  was  devolopod  from  this  ulrjoiilhm 
for  ploltincj  wither  applied  load  versus  nctcli  snuin  or  notcfi  stress  vcirsus  notch  strain. 

This  uses  the  eye, lie,  locus  curvy  ciiid  IhuikIi  omvw  whoso  cdovo  lopmeni  was  outllnod  in 
4.1.1,!.  Til')  locus  curve  is  used  lu  lac  nlw  in  spin-.e  the  Initio  I loading,  e I tlior  over- 
load or  undeiloaJ,  Tlion  the  broncli  curve,  fiuiii  Tigiira  69,  is  used  to  fit  through  the 
input  data  (lest  loodirigs)  to  dofiiio  excursirnis  iioiii  ilie  cyclic  locus  curve  in  lliu  stress 
stiuiri  space,  l:ithor  the  wfiole  or  ports  of  tlio  liionch  curve  are  used  lo  describe  the 
IcKid-strein  history  as  a best  til  tliiou(||i  lln'  dale  points.  Figui'os  84  through  91  illustraie 
lypiiul  loud  versus  nulc'li  slniin  ph.l,  using  dris  unuly.ls  onil  |■|l.•'l  routine.  Those  c.urviv 
lire  tin;  first  cycle  laudliicj  only  tui  llvi  s. . 011111111  uS  •.I1...V11.  rhe  Sulid  Curves  ore  from  the 
uiui'ysr,,  Thu  uslerlsk  syinbols  t'cipreswili  lliu  cipplic)d  loud  '■.'iiditiuns  (maxiniuin , iiiininiuiii , 
und  iiiijiiii  I rods),  lust  diiici  luf  ecu  h soii'iwnce  is  rei.-resunled  by  die  opcjii  symbols.  Thu 
lc;sl  dcjlii  shewn  is  treiii  tiie  Iraiisdui  or  iiiu.isui  uiuonls  i I lustr'ilofi  pr;'vi  ajslv  in  F’iguros  44 
ill!  uuyh  yj , 

In  geiiei'iil,  the  lest  dulu  correlcitus  vury  .veil  wiili  ihu  cinulylicul  predictions,  this 
llion  tends  lo  substuntinte  1 1 11;  uiui lysis  dr-vcdupruoni  in  Suction  IV,  specifically  tlie 
cyclic  lo'  Us  i.i'i  vo  tinil  biuiu  h c uivi)  d-.!su|,i|)iii-!ni  . Witli  ibis  anolysis,  il  is  nuw 
possible  to  u 1 1 i I.  lui  il  I y I epn 'sent  iiicili  linl  l•,'.■.pi>llsc•  in  ci  c.i -ov  ion  1 1/  u.,cib!ii  Icum, 

In  lldilllluil  til  dll'  h'lnl  '-C’lslli.  111. ill, Il  .llUlll  ililt...  UOIO  I |C:I  nil  Cl  I od  of  IlllU.ll  stfciSS 

Veisus  111. tell  l.leiill.  IliC'bc  ilalcl  illi;  1 1 11  isl  1 1 1 1 i;d  in  t-Ic|llli.'S  94  lliroll[|h  VV.  lln)  lliodifiod 

Ml) 

.c...  . il  ,.  li  I.  ■ 1 . 1^  .4  ...  i.-*.  -'.^-1,1— ..L ’■  - — A.-  . .'V- - .|h  j|||,  h h|—^-  x...  - a.,.  iiU.tt'iil,.i)m..iUiiiti»^ 


I □— Gl  Limits  for  the  constant 
amplitude  c/cling  In 
^ Sequence  1 . 
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Figure  84  Predicted  vs.  Measured 

Load  Strain  Data  Sequence  6 
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NOTCH  S^RfilN  «1C 


Figure  86  • 


Predicted  vi,  Meaiured 
Load  Strain  Data  Sequence  13 
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r4QTCH  STRESS 
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Neuber  equation  discussed  in  4.1 .2  Is  used  In  the  onol/sls  for  developing  these  data. 
Damage  or  life  predictions  are  made  using  these  calculated  notch  strains  along  with 
the  cyclic  counting  technique  discussed  in  4.1,4. 

At  this  point,  there  Is  good  correlation  between  the  predicted  and  measured  load- 
notch  strain  data  using  the  analysis  model  as  It  currently  exists.  The  analysis  does  not 
currently  Include  a cyclic  or  time  dependent  creep  module.  This  will  be  the  subject 
of  the  Phase  II  study  and  will  be  Included  In  the  analysis  after  completion  of  that  study, 

5.2  DAMAGE  PREDICTIONS 

Two  analysis  methods  have  been  used  to  compare  predicted  versus  actual  fotigue  life 
For  the  super-scale  tests.  Both  a simple  Miner's  linear  analysis  and  the  hysteresis 
analysis  In  4.1 .4  were  used  for  life  predictions.  Typical  results  are  shown  In  Table  XII, 

For  the  Miner  analysis,  damage  for  the  constant  amplitude  portion  of  each  sequence 
was  based  on  the  data  from  Sequence  No.  1.  Cycles  to  failure  for  this  sequence  Is 
47,647  cycles  as  listed  in  Table  VII.  Then  for  each  sequence 

- _ constant  amplitude  cycles 

D = E 

and  D = 1 .0  at  failure. 

Damage  from  the  overload  and  underload  cycles  was  derived  from  the  data  presented  In 
Figure  100,  Based  on  these  assumptions  and  the  linear  damage  analysis,  the  maximum 
life  for  any  sequence  would  be  47,647  cycles  - Sequence  No,  1 . This  is  a prime 
example  of  the  short  comings  of  any  analysis  which  does  not  account  for  residual 
stresses  or  plasticity. 

The  hysteresis  predictions  do  not  correlate  as  well  as  expected  with  the  test  data; 
however,  the  same  trends  in  the  test  data  are  evident  from  the  analysis.  Better  corre- 
lation is  achieved  In  the  test  sequences  with  underloads  greater  than  7.9  Ksi.  Perhaps 
the  delta  stress  between  the  tensile  and  compression  yield  was  greater  for  the  super  scale 
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II  - ACTUAL  VERSUS  PREDICTED  LIFE 
SUPER-SCALE  TEST  SPECIMENS 


plate  material  than  for  the  i .0"  plate  stock  used  to  generate  unnotched  c/cllc  data. 
Still  missing  in  the  predictions,  however,  is  the  creep  module  to  account  for  periods  of 
sustained  loadings.  For  example,  430,000  cy'cles  is  the  predicted  life  for  Sequence  8, 
The  same  life  it  calculated  for  Sequences  13  and  14.  These  two  sequences  ore  Identical 
to  Sequence  8,  except  for  the  24-  and  1.0-hour  hold  periods  (see  Table  VII)  but  the 
test  life  It  significantly  different  for  the  three  sequences.  The  some  Is  true  for  Se- 
quences 10,  16,  and  17  and  Sequences  9,  14,  and  15,  for  example. 

Creep  studies  to  be  conducted  in  Phase  II  of  this  program  are  expected  to  provide  data 
to  formulate  an  analysis  module  to  account  for  these  periods  of  sustained  loading. 


SECTION  VI 
CONCLUSIONS 


The  following  conclusions  are  based  on  (•lie  Phase  I results. 

1 . The  eKperlmental  approach  used  here  hat  produced  quantative  results;  however, 
Improvements  In  the  data  recording  methods  and  system  sensitivity  are  necessary 
for  the  Phase  II  study.  Expected  variations  In  the  strain  field  were  observed  and 
were  measurable. 

2.  The  Neuber  Hypothesis  Is  not  sufficiently  accurate  for  a notch  stress-notch 
strain  study  of  o finite  width  plate  with  a central  circular  notch. 

3.  Overloads  ond  underloads  do  effect  specime.i  life.  Cyclic  block  size  has  a 
significant  effect  on  life  and  rate  of  change  of  strain.  Strain  variation  during 
blocks  of  constant  amplitude  cycling  Is  dependent  on  the  previous  load  history. 

4.  Specimen  life  Is  effected  by  sustained  compression  loadings  and  there  Is  evidence 
that  creep  exists  during  the  loading  periods.  This  creep/relaxation  at  a notch  Is 
very  complex  and  Is  a function  of  both  notch  stress  and  notch  strain.  Elastic- 
plastic  stress  and  strain  field  definition  Is  Important  to  both  crack  initiation  and 
crack  growth  in  the  damage  process. 

5.  Events  Included  In  test  sequences  do  occur  in  service  and  will  effect  structural 
life.  Both  component  and  full  scale  tests  are  effected  specifically  as  regards 
test  spectra  development  and  Interpretation  of  data. 
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